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Streptococcus pneumoniae is a leading cause of respiratory tract infections, 

meningitis, and acute otitis media. The emergence of S. pneum oniae strains with 

resistance to the ß-lactam and macrolide antibiotics has complicated the treatment of 

pneumococcal infections and created a need for new agents. Recently developed 

compounds within the fluoroquinolone group of antimicrobials have shown potential as 

anti-pneumococcal antibiotics. Although fluoroquinolone resistance is rare in most areas 

(i.e. <2%), it is feared that increased use of these agents could accelerate the development 

of resistance. Fluoroquinolone resistance in S. pneum oniae  is mediated by a combination 

of at least two mechanisms: (1) amino acid substitutions within the quinolone resistance 

determining regions (QRDRs) of DNA gyrase and/or DNA topoisomerase IV, and (2) 

drug efflux via unknown transporter proteins. Although previous studies have examined 

the selection of these resistance mechanisms to varying degrees, a more rigorous and 

extensive investigation was warranted. The current research aimed to compare the ability 

of the fluoroquinolones ciprofloxacin and moxifloxacin to select resistance over three 

mutational steps, correlate changes in fluoroquinolone susceptibility with mutations in 

the QRDRs, examine the role of efflux using phenotypic tests, and investigate the 

expression of several putative efflux pumps.

The newer fluoroquinolone moxifloxacin was more active in vitro against S. 

pneumoniae than ciprofloxacin and selected fewer resistant mutants. The potency of 

moxifloxacin against first-step mutants of S. pneumoniae  is a property that may help
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prevent the emergence of resistance. The minimum inhibitory concentration (MIC) of 

moxifloxacin was < 1 pg/mL in 13 of 14 moxifloxacin-selected first-step mutants. 

Therefore, the MIC of moxifloxacin for the majority of selected mutants remained within 

the susceptible range (susceptible breakpoint, MIC < 1 pg/mL), suggesting that both the 

parental strain and a potential first-step mutant would be inhibited with moxifloxacin 

treatment.

Ciprofloxacin and moxifloxacin were found to exert very different selection pressures 

that yielded different types of mutants when fluoroquinolone resistance was selected. 

Ciprofloxacin selected first-step mutants harboring amino acid alterations in DNA 

topoisomerase IV. In contrast, moxifloxacin selected first-step mutants with amino acid 

changes in DNA gyrase, suggesting that these two fluoroquinolones have different 

primary targets. The dissimilarity in the mutants selected by ciprofloxacin and 

moxifloxacin became more pronounced during the third selectional step. While most 

moxifloxacin third-step mutants developed an additional QRDR mutation, the majority of 

ciprofloxacin-selected mutants did not develop additional QRDR changes. This suggests 

that exposure to high concentrations of ciprofloxacin selected an alternative mechanism, 

such as the increased production of drug efflux pumps. This hypothesis was supported by 

the results of phenotypic tests using the efflux substrate, ethidiuin bromide. After three 

exposures to ciprofloxacin, 86% of the resulting mutants showed at least a 4-fold increase 

in ethidium bromide MIC, indicating the possible role of efflux in the reduced 

susceptibility to ciprofloxacin that could not be correlated with QRDR mutations. On the 

other hand, none of the mutants selected with moxifloxacin exhibited reduced



susceptibility to ethidium bromide, suggesting that moxifloxacin had a reduced potential 

for selecting mutant phenotypes suggestive of enhanced efflux.

Based upon the increases in ethidium bromide MICs for the majority of ciprofloxacin- 

selected mutants, it was hypothesized that these mutants were overexpressing one or 

more drug efflux pumps. The expression of 12 putative drug efflux genes was 

investigated in suspected efflux mutants using Real Time RT-PCR. The expression of 

two novel efflux genes, patA  and patB , was significantly increased in mutants selected 

with ciprofloxacin, suggesting that the increased expression of these genes could 

contribute to fluoroquinolone resistance. In addition, the increased expression of putative 

ABC-transporter gene, spr 1183, and the decreased expression of the putative permease 

gene, spr 1734, was observed in an efflux mutant, suggesting that several mechanisms 

other than QRDR mutations are involved in mediating fluoroquinolone resistance in S. 

pneumoniae.

RT-PCR was used to demonstrate that pat A and patB  are co-transcribed on a single 

mRNA transcript, suggesting that the products of patA  and patB  form a single 

heterodimeric efflux pump and are coordinately regulated, perhaps from a single 

promoter upstream of patA. Because promoter mutations are often involved in increasing 

the efficiency of gene transcription, it was hypothesized that mutations existed within the 

promoter region of patA  that contributed to its overexpression. DNA sequence analysis 

revealed that a point mutation was present within the 5' untranslated region (5’ UTR) of 

patA in a ciprofloxacin-selected efflux mutant. To determine if the mutation modified the 

secondary structure of the 5 ’ UTR in the efflux mutant, the RNA secondary structure of 

patA  was analyzed using an RNA-folding program, but no differences were observed.



Because overexpression of this pump was selected after ciprofloxacin treatment and 

therefore may play a role in fluoroquinolone resistance, further experiments are 

warranted to elucidate the mechanism of overexpression.

In conclusion, with fewer drugs available for treating S. pneum oniae infections, it is 

imperative to identify novel therapeutic targets and design strategies for inhibiting 

resistance mechanisms. Uncovering the molecular basis of fluoroquinolone resistance in 

S. pneumoniae is an important step that may ultimately lead to the development of 

resistance mechanism inhibitors and agents with improved potency. However, until these 

drugs are available, it is critical that clinicians use the fluoroquinolones that will 

minimize the selection of resistance, thereby preserving the utility of these antimicrobials 

against S. pneumoniae.
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Literature Review

Streptococcus pneum oniae 

Historical Perspective

In 1875, Edwin Klebs was the first to detect bacteria in the airways of individuals who 

had died of pneumonia and concluded that these organisms were the etiologic agents of 

acute pneumonia (139). Five years later, the pathogen currently known as Streptococcus 

pneum oniae  was discovered by George Sternberg in September of 1880 when he isolated 

the organism from septicemic rabbits that had been subcutaneously injected with his own 

saliva (259). In December of 1880, Louis Pasteur identified the same organism from the 

saliva of a rabies patient and named it Microbe septicemique du salive (203). Neither 

Sternberg nor Pasteur, however, recognized any relationship between the organism and 

pneumonia, and it became known as the “coccus of sputum septicemia” . It was not until 

1884 that Albert Fraenkel identified the organism as the causative agent of bacterial lobar 

pneumonia. Shortly after this finding, Fraenkel and Carl Friedländer argued as to whether 

or not this bacterium or Friedländer’s bacillus (now Klebsiella pneumoniae) isolated two 

years earlier was the responsible pathogen. The newly introduced Gram stain (developed 

by Hans Christian Gram in 1884) was used to settle the dispute, since the Friedländer 

bacillus was gram-negative while Fraenkel’s organism was gram-positive. In 1886, it was 

determined by Fraenkel and Anton Weichselbaum that the gram-positive organism was 

the most common cause of lobar pneumonia and as a result, it inherited the name of 

“pneumococcus.” Friedländer’s bacillus was later recognized as a secondary invader in 

cases of pneumonia (22). The pneumococcus was later renamed Diplococcus pneumoniae 

in 1926 because of its characteristic appearance in pairs of cocci in gram-stained sputum.



However, Sternberg objected to the name and stated that, “This micrococcus forms 

longer or shorter chains in certain culture media and it is in fact a streptococcus” (7). 

Nearly 50 years later in 1974, it was renamed Streptococcus pneumoniae because of its 

chain morphology during growth in liquid medium, but it is still also informally referred 

to as the pneumococcus.

Classification, Biochemical Characteristics, and Growth Requirements

S. pneumoniae is a bacterium of the class Bacilli, order Lactobacillales, family 

Streptococcaceae, and genus Streptococcus, named according to its typical morphology 

(from the Greek streptos, twisted; coccos, a grain or berry) (135). There are over 30 

identified species of the genus Streptococcus (107). No single system of classification 

suffices to differentiate this heterogeneous group of organisms (25). Instead, 

classification depends on a combination of features including growth characteristics, 

biochemical reactions, hemolysis patterns on blood-agar plates, hybridization techniques, 

sequence analysis, and antigenic composition. Based on the work of Rebecca Lancefield 

(145), the antigenic analysis of cell wall carbohydrates has arguably played the most 

prominent role in classifying members of the genus Streptococcus. These carbohydrate 

antigens, known as the Lancefield serogroup antigens and grouped A through W, are 

extracted from streptococcal cells walls and identified by precipitin reactions using 

specific antisera (145). The Lancefield antigens have been important in characterizing 

streptococci of medical importance, but attempts to equate the Lancefield groups with 

species have generally failed (135). Among the most important species of streptococci 

that are pathogenic for humans are S. pyogenes (group A streptococci), S. agalactiae
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(group B), S. faecalis  (group D, now Enterococcus faecalis), and S. pneumoniae, which 

does not contain an antigenic Lancefield carbohydrate.

The 16S rRNA sequences of members within the genus Streptococcus have been 

compared and demonstrate that a relationship exists between phylogenetic affiliation and 

pathogenic properties and ecology (130). The subdivision of the genus into 6 major 

clusters based on comparative analysis of 16S rRNA sequences is consistent with the 

findings of previous taxonomic analyses (135). The 6 major classes are: (1) the pyogenic 

group, including S. pyogenes and S. agalactiae, that consists of predominantly ß- 

hemolytic species that are pathogenic in humans, (2) the anginosus group that contains 

resident microflora of the human mouth, genital and gastrointestinal tracts, (3) the mutans 

group, including S. mutans, that consists of seven species which exclusively colonize the 

surfaces of teeth in humans and other animals, (4) the bovis group, including S. bovis, 

that typically inhabits the intestinal tract of cows, horses, sheep, and other ruminants, (5) 

the salivarius group consisting of non-hemolytic dairy streptococci, and (6) the mitis 

group which includes several oral streptococci, such as S. oralis and S. gordonii, and the 

pathogen S. pneumoniae (135).

Members of the genus Streptococcus are gram-positive, non-sporulating, spherical or 

oval cocci averaging 0.5-1.0 pM x 1.0-2.0 pM in size (135). S. pneumoniae cells are 

typically lancet-shaped, occurring in pairs or short chains, and are non-motile (233). 

Chain morphology is most pronounced in broth media. S. pneumoniae and other members 

of the genus are catalase negative, but generate hydrogen peroxide (H2O2) via a 

flavoprotein enzyme system (227). Therefore, an exogenous source of catalase, such as 

an erythrocyte, is needed to prevent the death of cultures (10). Pneumococci are
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facultative anaerobes that metabolize glucose and other carbohydrates fermentatively. 

Lactic acid is the predominant end-product. The genomes of S. pneumoniae  strains R6 

and TIGR4 have been completely sequenced by Hoskins et al. (112) and Tettelin et al. 

(266), respectively. The genome of nonencapsulated strain, R6, consists of a single 

circular chromosome of 2.04 million base pairs (bp) containing 2,043 predicted open 

reading frames (ORF) with a G+C content of 40% while the genome of the virulent 

isolate, TIGR4, is 2.16 million bp in size and harbors 2,236 predicted ORFs with a G+C 

content of 39.7%.

Pneumococci are relatively fastidious bacteria. Because the organism requires an 

exogenous source of catalase, growth on standard nutrient media is generally poor (135). 

Optimal growth of S. pneum oniae occurs at 37°C and requires complex media enriched 

with blood. The temperature range over which S. pneumoniae may be grown is relatively 

narrow (25° to 42°C). In addition, the organism only survives over a limited pH range 

(7.0-8.3). Although streptococci grow in the presence of oxygen, they are unable to 

generate heme products and are therefore incapable of respiration (232). Most strains of 

S. pneumoniae will grow in air, but some (-8% ) require the addition of 2 to 10% C 0 2 to 

the incubation atmosphere (87, 233). Pneumococcal colonies are generally raised, 

smooth, and circular, and can vary in appearance depending on the degree of 

encapsulation of the strain. Heavily encapsulated strains can produce large colonies, 

several millimeters in diameter, which appear gray and mucoid, while less encapsulated 

strains typically have smaller colonies (< 1 mm). After 24-48 hours of growth at optimal 

conditions, the centers of colonies collapse due to autolysis, producing a doughnut 

morphology (87, 227).
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Hemolytic reactions can be used to divide streptococci into broad categories as a first 

step in identification of clinical isolates. Pneumococcal cells produce an alpha-hemolysin 

(later identified as H2O 2) that oxidizes hemoglobin to generate the green pigmented 

molecule, methemoglobin (17). As a result, colonies of S. pneumoniae are surrounded by 

a green zone (a-hemolysis) after growth on blood agar, a property that distinguishes the 

organism from Lancefield groups A, C, and G isolates that display ß-hemolysis (clear 

zone).

Further biochemical testing makes it possible to differentiate S. pneumoniae  from 

other non-ß-hemolytic isolates, such as those found in the relatively avirulent viridans 

group. Clinical microbiology laboratories often use the optichin (ethylhydrocupreine 

hydrochloride) susceptibility test to determine if S. pneum oniae is the etiologic agent of 

infection (47). Optochin was introduced in the early twentieth century as an agent for the 

treatment of pneumococcal pneumonia (217). However, therapeutic use with this 

compound was quickly abandoned because of its high toxicity. Today, commercially 

available disks containing 5 pg of optochin are applied to blood agar plates on which 

clinical specimens suspected to contain S. pneumoniae have been cultured. Zones of >14 

mm in diameter are indicative of S. pneum oniae  (232). In recent years, optochin-resistant 

strains of S. pneum oniae have been recognized (217). Isolates that display smaller zones 

of inhibition may be tested for bile solubility to confirm their identity (232). In this 

procedure, aliquots of the test organism are placed into two tubes. In one tube, 0.5 ml of 

sodium deoxycholate (bile salt) is added, while 0.5 ml of saline is added to the second 

tube which serves as a control. Sodium deoxycholate is a detergent that activates the 

pneumococcal autolysin, A^-acetylmuramyl-L-alanine amidase (135). As a result, the
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pneumococcal peptidoglycan is dissolved and clearing of the culture occurs after 

incubation for 2 hours at 37°C.

Clinical isolates of S. pneumoniae contain an external polysaccharide capsule that 

provides the basis for subdividing pneumococci by serotype. In rabbits injected with S. 

pneum oniae , immunization stimulates the appearance of specific antibodies against a 

particular capsular type. Ninety serotypes of S. pneumoniae  have been identified using 

antigenic differences within the capsular polysaccharides as the epidemiological marker. 

Serotyping was clinically relevant in the 1930s when antisera were used for anti- 

pneumococcal chemotherapy (186). Today, it is primarily an epidemiological tool used to 

monitor hospital outbreaks and aid in vaccine development. Serotyping is most often 

performed using the Neufeld quelling reaction, a procedure in which bacteria are mixed 

with pneumococcal antiserum and examined microscopically. In positive reactions, the 

antibody causes the capsule to swell, become refractile, and more readily visible. Two 

systems of nomenclature exist for serotyping. In the American system, serotypes are 

numbered 1 to 90 in the order in which they were identified (186). The more widely 

accepted Danish system groups serotypes into ‘serogroups’ based upon antigenic 

similarities and cross-reactivity. For example, the Danish serogroup 7 includes types 7A, 

7B, 7C, and 7F, which in the American system would be types 7, 48, 50, and 51, 

respectively (227). Clinical isolates containing certain capsule types are considered more 

virulent than others because they are associated with severe infections. Because virulent 

strains that cause disease were the earliest to be identified, they were typically the first to 

be assigned numbers. As a result, serotypes with lower numbers are more frequently 

implicated in human disease. For example, the types 1, 2, 3, 4, 5, 6B, 8, 9V, 12F, 14,
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18C, and 23F are the most frequently linked to cases of invasive pneumococcal disease 

(9, 98).

Epidemiology

The pneumococcus is a common inhabitant of the human nasopharynx (10, 93). In the 

absence of injury to the epithelial lining of the upper and lower respiratory tract, the 

organism lives in a commensal state with humans. Asymptomatic colonization of the 

human upper respiratory tract occurs frequently. The frequency of carriage in the 

nasopharynx can approach 60-95% in healthy children under the age of three and 40% in 

adults (8, 155, 186). The development of immunity to the prominent serotypes present in 

the community is likely responsible for the decline in carriage rate associated with 

increasing age (199). The asymptomatic carriage of S. pneumoniae  occurs most often 

with serotypes that are not commonly associated with clinical disease (227). Disease can 

occur in a small percentage of healthy persons who are colonized with serotypes that are 

associated with pneumococcal disease. Infection is caused most frequently by a 

pneumococcal strain possessing a previously unencountered capsular type (10). In older 

children and adults, serotype-specific IgG antibody develops after colonization and in 

most cases, this process occurs in the absence of noticeable symptoms. Most infections 

occur during the first week of carriage, a phenomenon related to the time required for 

sensitization and production of IgG that follows colonization (185).

Pneumococci are spread from one individual to another by direct contact with droplets 

containing the organism. Therefore, spread of the organism occurs most readily in 

crowded areas, such as daycare centers (101), military camps (105), prisons (106), 

homeless shelters (177), and nursing homes (198). Because crowding can enhance the
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spread of S. pneumoniae, the carriage rates in children of developing countries are 

generally two-to-three times higher than children of industrialized countries (199).

The rate of carriage and infection has been shown to vary with season, perhaps 

because of the association with crowding in schools and viral respiratory illnesses. In 

infants and children, invasive disease occurs most often from October through May, thus 

coinciding with the school year (137). However, in adults, the incidence of invasive 

disease reaches a peak in the middle of winter and declines sharply in midsummer, 

suggesting an inverse relationship to the cold weather and a direct association with the 

isolation of respiratory syncitial virus or influenza virus (137).

Virulence Factors

Several factors have been attributed to the promotion and maintenance of 

pneumococcal disease in an infected host. Chief among these is the polysaccharide 

capsule. However, several other constituents, including pneumococcal surface protein A, 

hyaluronate lyase, and pneumolysin, contribute to the pathogenesis of pneumococcal 

disease.

The capsule of the pneumococcus is composed of complex polysaccharides that form 

hydrophilic gels on the cell surface (227). The capsule is generally considered a 

prerequisite for virulence in pneumococci and surrounds nearly every clinical isolate of S. 

pneumoniae. Non-encapsulated strains are much less virulent, but some have been 

implicated in outbreaks of conjunctivitis (67, 112). The capsule plays an important role in 

the pathogenicity of pneumococcal infections by providing anti-phagocytic activity. 

Several mechanisms have been proposed to explain how the capsule prevents 

phagocytosis by the host immune system, including the presence of electrochemical
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forces that repel phagocytic cells, the masking of bound antibody, and the degradation of 

cell-associated complement factor C3b (186).

Another virulence factor, pneumococcal surface protein A, is located on the cell wall 

and has been found in every clinical isolate of S. pneum oniae  analyzed to date (54). This 

protein shows some similarities to the M protein, a molecule that gives S. pyogenes the 

ability to resist phagocytosis by polymorphonuclear leukocytes (PMNL) in the absence of 

specific antibodies (283). Evidence for the role of the pneumococcal surface protein A as 

a virulence factor comes from several investigations. McDaniel et al. demonstrated that 

passive immunization with monoclonal antibodies raised against pneumococcal surface 

protein A was able to protect mice against intravenous challenge with certain 

pneumococcal strains (173, 174). Furthermore, insertional inactivation of the 

pneumococcal surface protein A gene, pspA, resulted in the loss of virulence in some 

strains (175). Pneumococcal surface protein A is thought to mediate the protection of S. 

pneumoniae  from the host complement system (283).

Hyaluronate lyase (Hyl) is another surface protein of S. pneumoniae  that has been 

implicated in pneumococcal virulence (29). This protein is part of a broad group of 

enzymes called hyaluronidases. These enzymes break down hyaluronan, an important 

component of the extracellular matrix of vertebrates (118). The hyaluronate lyase of S. 

pneumoniae cleaves the 1,4-glycosidic linkage between A^-acetyl-ß-D-glucosamine and D- 

glucuronic acid residues in hyaluronon, causing the release of unsaturated disaccharides 

(220). The degradation of hyaluronan can result in increased tissue permeability. 

Therefore, hyaluronate lyase is thought to be an important factor contributing to the
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ability of S. pneumoniae to cause wound infections, pneumonia, bacteremia, and 

meningitis (118).

Pneumolysin is another virulence factor of pneumococci. This protein is produced by 

all isolates of S. pneum oniae  (204) and appears to be released during autolysis (118). The 

observation that pneumolysin-negative mutants are cleared more rapidly from the 

bloodstream in mice than wild-type strains indicates the importance of this enzyme in 

pneumococcal pathogenesis (23). Pneumolysin belongs to the family of thiol-activated 

toxins (254). These toxins exhibit cytolytic activity that is mediated by the binding to 

host cell cytoplasmic membrane cholesterol, a process that is followed by insertion into 

the targeted membranes and the formation of pores.

Pneumolysin has several functions that are critical in the early stages of infection. 

First, the pneumolysin has been shown to disrupt the beating of cilia on bronchial 

epithelial cells (71). By diminishing the ability of these cells to clear mucus from the 

lower respiratory tract, the pneumolysin can facilitate the passage of pneumococci into 

the lower respiratory tract. Second, the interaction of pneumolysin with alveolar 

epithelial cells can degrade the alveolar-capillary boundary. This process facilitates 

penetration through the epithelium into the pulmonary interstitium and ultimately into the 

bloodstream (231). Finally, the cytotoxic effects can inhibit cells of the human immune 

system, which leads to suppression of the host inflammatory and immune responses. 

Paton et al. demonstrated that low doses of the pneumolysin are able to inhibit neutrophil 

and monocyte chemotaxis, phagocytosis, and respiratory burst (205). Furthermore, the 

toxin has been shown to deplete serum opsonic activity (206) and interfere with the 

production of lymphokines (73).
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The pathogenesis of pneumococcal disease is often facilitated by the presence of 

anatomic alterations in the cells lining the respiratory tract. Viral infection of the upper 

respiratory tract may enable virulent strains of S. pneumoniae  to progress to clinical 

infection, whereas less virulent strains typically remain in a carrier state. The first step in 

colonization involves the adherence of the organism to mammalian cells, a process that 

can be enhanced by prior influenza viral infection (218). This enhancement is mediated 

by the viral neuraminidase, an enzyme that cleaves sialic acid from glycosphinogolipids. 

This exposes the disaccharide GlcNAcßl-4Gal that acts as a binding site for S. 

pneum oniae (144). Viral infections of the respiratory tract can also cause edema of the 

eustachian tube, a process that can lead to increased negative pressure in the middle ear. 

The increase in negative pressure can “suck” bacteria into the middle ear and cause otitis 

media, an infection most commonly attributed to S. pneumoniae (84).

The steps involved in the translocation of the pneumococcus from the nasopharynx to 

other sites, including the alveoli, are poorly understood (121). Once the pneumococcus 

reaches the alveolar spaces of the lung, it is able to rapidly replicate. The pathologic 

progression of the disease includes four steps. Initial infection involves hyperemia, 

edema, and PMNL mobilization to the alveoli. By the second or third day of illness, red 

hepatization occurs and is characterized by the appearance of fluid-filled capillaries and 

alveoli containing bacteria and red blood cells. By the fourth or fifth day of infection, the 

lungs become gray-white, and the alveoli become blocked with fibrin and PMNLs, but 

not bacteria. Clearance of the infection is marked by complete healing, with no signs of 

significant tissue necrosis (227).

Pathogenesis of Pneumococcal Disease



In the presence of damage to the alveoli, such as that caused by influenza or trauma, 

the clearance of the bacteria can be delayed. Furthermore, chemical agents such as 

alcohol, anesthetics, or corticosteroids can retard the mobilization of PMNL to the site of 

infection (10). The inability of the host immune system to quickly clear the lung infection 

may allow a more progressive disease to occur. This can result in the movement of the 

bacteria to the hilar lymph nodes, and in patients developing bacteremia, from the lymph 

nodes to the systemic circulation by way of the thoracic duct (10). Bacteremia occurs in 

25-30% of patients with pneumococcal pneumonia (227). Once bacteremia is established, 

the organism may enter the peritoneum, joints, and meninges. Roughly one-quarter of 

patients with pneumococcal meningitis also have pneumonia (227). Pneumococcal 

endocarditis can occur as a complication of bacteremia or meningitis and is most 

common in persons over the age of 40 (10).

Recovery from infection with pneumococci is facilitated by the development of type- 

specific anti-capsular antibodies of both the IgM and IgG classes that interact with the 

polysaccharide capsule (10). This reaction causes the pneumococcal cells to adhere to 

one another. As a result, they are phagocytized with increased efficiency. Infection with 

another strain containing the same capsular type is rare in the absence of 

immunodeficiency. Immunity to reinfection is usually lifelong (10).

Risk Factors for Pneumococcal Disease

The mechanisms affecting host susceptibility to pneumococcal disease are poorly 

understood. However, it is well established that several risk factors can increase the 

likelihood of developing pneumococcal infection, including age, alcohol abuse, viral 

infection, and immunodeficiency. Recent estimates suggest that over 90% of adults who
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develop an invasive pneumococcal infection have at least one underlying medical 

condition (44). While invasive disease is usually not seen in teenaged children and young 

adults, it is relatively common in newborns and infants up to two years of age and in 

adults older than 65 years (44). The susceptibility of the elderly to pneumococcal disease 

is influenced by several factors, and can result from the presence of other diseases, a 

weakening of the gag reflux, malnutrition, reduced production of immunoglobulins, and 

diminished responses to tumor necrosis factor and interleukin-1 (186).

As noted above, the incidence of pneumococcal infection for persons with certain 

underlying medical conditions is greatly increased. Individuals with chronic pulmonary 

diseases (e.g. emphysema), chronic cardiovascular disease (e.g. congestive heart failure), 

or chronic liver diseases, including those as a result of alcohol abuse (e.g. cirrhosis) are 

also more likely to develop severe invasive disease (38). In addition, the incidence of 

pneumococcal infection is greatly increased among people with altered clearance 

mechanisms (cigarette smokers, persons with chronic bronchitis, asthma, or chronic 

obstructive pulmonary disease). As described above, viral respiratory infections, 

especially those caused by the rhinoviruses or influenza, can also predispose patients for 

infection with S. pneum oniae  by damaging clearance mechanisms (185).

VmaTly, infection risk is h igh for persons who have decreased responsiveness to the 

pneumococcal polysaccharide antigens. The inability of a patient to produce adequate 

amounts ol anti-pneumococcal antibody has a significant impact on the susceptibility to 

pneumococcal infection (186). The pneumococcus is the most common bacterial 

pathogen to infect persons with conditions such as lymphoma, leukemia, or multiple 

myeloma that reduce IgG responses (242). Furthermore, the yearly incidence of
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pneumococcal bacteremia in individuals infected with the human immunodeficiency 

virus (HIV) is approximately 1,000 in 100,000 (185), a 200-fold increase in comparison 

to the healthy young adult population. Other conditions that diminish host immunity and 

predispose a person to pneumococcal infection include: (a) organ or bone marrow 

transplantation, (b) therapy with alkylating agents, antimetabolites, or systemic 

corticosteroids (45), (c) functional or anatomic asplenia (5) and (d) chronic renal failure 

or nephritic syndrome (43, 186).

Clinical Significance

S. pneum oniae  is a major cause of morbidity and mortality in infants, children, and the 

elderly. Pneumonia, bacteremia, and meningitis are the most common manifestations of 

invasive pneumococcal disease. In addition, the organism is often a cause of non-invasive 

infections such as otitis media, sinusitis, and chronic bronchitis. S. pneumoniae is 

infrequently associated with endocarditis, peritonitis, pericarditis, septic arthritis, and 

osteomyelitis. Compared with invasive disease, the non-invasive manifestations are 

generally less severe, but much more common. Each year in the United States, an 

estimated 3,000 cases of meningitis, 50,000 cases of bacteremia, 500,000 cases of 

pneumonia, and 7 million cases of otitis media are attributed to pneumococci (42).

Although all age groups and countries may be affected, the highest rate of 

pneumococcal disease occurs in young children, especially in developing nations. 

According to the World Health Organization, pneumococcal pneumonia is responsible 

for approximately 1.2 million deaths per year in children under the age of 5 years (183). 

More than 90% of these deaths occur in children from developing countries. Furthermore,

14



25% of the cases of neonatal pneumonia in developing countries are caused by this 

pathogen (64).

In developed countries, S. pneum oniae  is the most common cause of community- 

acquired bacterial pneumonia, occurring most frequently among the elderly (44). 

Pneumococcal pneumonia occurs at an estimated incidence of 200-500 cases per 100,000 

people per year in the United States, with 5 to 7% of them being fatal (120). This 

compares to a 30% mortality rate in the pre-antibiotic era (197). Concurrent bacteremia 

occurs in 10-25% of adults who are hospitalized with pneumococcal pneumonia (43).

While pneumococcal bacteremia is less common than pneumonia (15-30 cases per 

100,000), the incidence of this infection is rising. Investigations conducted between 1990 

and 1996 indicate that the incidence of bacteremia has increased as much as 3-fold 

among adults, compared with rates in earlier studies (30). The rate is higher in persons 

older than 65 years (50-83 cases per 100,000), and for children aged less than or equal to

2 years (160 cases per 100,000) (44). Despite appropriate antimicrobial therapy, the case- 

fatality rates for pneumococcal bacteremia remain 15-20% among adults and 30-40% 

among the elderly (44).

With the advent of the Haemophilus influenza type B (HiB) conjugate vaccine in the 

early 1990s, S. pneum oniae became the leading cause of bacterial meningitis in the 

United States (246). Compared to pneumococcal pneumonia and bacteremia, the 

incidence of meningitis is low (1-2 cases per 100,000). However, the case-fatality rate 

associated with pneumococcal meningitis infection is high, ranging from 10-60% (256). 

Fifty percent of the patients who survive pneumococcal meningitis sustain permanent
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neurological dysfunction, including hearing loss due to lesions in the cochlea, brainstem, 

or higher auditory pathways (142).

The pneumococcus is also a major cause of otitis media and other respiratory tract 

infections such as sinusitis and bronchitis. Even though these types of infections rarely 

progress to invasive disease, their impact produces considerable medical cost. 

Pneumococcal otitis media is the most commonly diagnosed bacterial infection in 

children (48), resulting in more than 7 million visits to pediatricians each year in the 

United States (26). This infection occurs most frequently in children under the age of 4 

years. In the United States, approximately 50% of children have three or more episodes 

of otitis media by the age of 3 (265). S. pneumoniae  is also a frequent bacterial cause of 

sinusitis and acute exacerbations of chronic bronchitis (55). Among 16,213 sinusitis 

specimens collected from nine United States’ medical centers, S. pneumoniae was 

responsible for 11% of the cases, ranking second to only Moraxella catarrhalis (29%) 

(211). In the same study, S. pneumoniae was isolated in 13% of the bronchitis cases, 

ranking second to H. influenzae (35%).

Prophylaxis

As will be described later, the emergence of S. pneumoniae strains exhibiting 

resistance to antimicrobials has made it increasingly difficult to treat this organism. The 

problem posed by antimicrobial resistance gives added importance to the development of 

prophylaxis to prevent pneumococcal disease. Vaccine development has focused on the 

pneumococcal capsular polysaccharide. Antigens found in the polysaccharide induce 

type-specific antibodies that enhance opsonization, phagocytosis, and killing of S. 

pneumoniae by PMNLs and macrophages. Efforts in the 1970s were undertaken to
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develop pneumococcal vaccines containing purified capsular polysaccharide (253). In 

1978, a vaccine containing purified antigens from 14 pneumococcal serotypes was 

licensed in the United States, and in 1983, a 23-valent vaccine became available (37).

The currently licensed 23-valent polysaccharide vaccine contains per dose 25 fig of 

purified capsular polysaccharide from 23 serotypes (types 1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 

10A, 11A, 12F, 14, 15B, 17F, 18C, 19A, 19F, 20, 22F, 23F, and 33F) and was designed 

based on the current knowledge of serotype distribution (44). These 23 capsular types 

represent approximately 85%-90% of the serotypes that cause pneumococcal disease in 

the United States (39). The six serotypes (6B, 9V, 14, 19A, 19F, and 23F) that cause the 

majority of drug-resistant infections are also included.

Following vaccination, an antigen-specific antibody response develops within 2-3 

weeks in nearly 80% of healthy young adults (187). Vaccination elicits long-lasting 

antibodies and protection in healthy adults. However, the vaccine is often poorly 

immunogenic in certain groups that have an enhanced risk for developing pneumococcal 

disease. These groups include infants and toddlers, elderly people, asplenic patients, and 

individuals infected with HIV. Because the polysaccharide antigens induce primarily T- 

cell independent mechanisms, the antibody response is generally poor in infants and 

toddlers whose immune systems are immature (44). While antibody responses do develop 

in the elderly and individuals with immunosuppression, the concentrations of antibody 

are often much lower than healthy adults and not sufficient for protection. Furthermore, 

serotype-specific antibody levels can decline after 5-10 years in some individuals, which 

suggests that revaccination may be necessary for continued protection. These
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shortcomings stimulated interest in the development of an improved pneumococcal 

vaccine that provided longer-lasting immunity, especially in infants and toddlers.

In 2000, a protein-polysaccharide conjugate vaccine (PCV) was approved for use in 

children under the age of two. The vaccine was designed to cover seven serotypes (4, 6B, 

9V, 14, 18C, 19F, and 23F) that account for approximately 80% of invasive 

pneumococcal infections in children younger than six years (40). In contrast to the 23- 

valent polysaccharide vaccine, the PCV elicits a T-cell dependent response and therefore 

stimulates protection in infants.

Introduction of the PCV has resulted in a dramatic decline in the rate of invasive 

pneumococcal disease since 2000 in children in the United States. The success of the 

PCV is illustrated by a recent study done in Tennessee medical centers that found an 80% 

decrease in the incidence of invasive pneumococcal disease between 1999 and 2002 in 

children under the age of two (264). A reduction in the incidence of disease was also seen 

in older children and adults as of result of "herd” immunity. These findings suggest that 

administration of the PCV to young children may be effective for preventing 

pneumococcal disease in both the young and old.

While the advances in vaccine development have been promising, there are still 

barriers that limit the world-wide prevention of S. pneumoniae  using vaccinations. First, 

the vaccines are expensive and therefore not easily obtained by developing countries. 

Second, the newly released PCV covers only 50% of the most common invasive 

pneumococcal serotypes in persons older than six in the United States and does not cover 

serotypes 1 and 5, two types that frequently cause invasive disease in children of 

developing countries. Furthermore, a lack of awareness among both patients and care
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providers about the benefits of pneumococcal vaccination continues. The Advisory 

Committee on Immunization Practices (ACIP) recommended in 1985 that the 23-valent 

polysaccharide vaccine be administered to all persons greater than 65 years of age. 

However, as of 1993, only 28% of persons in this age group had ever received the 

vaccine (44). Finally, there is concern that the routine use of the available vaccines will 

eventually cause non-invasive serotypes to replace vaccine serotypes as the predominant 

pneumococcal pathogens (277).

Treatment

Although improved, inexpensive vaccines against S. pneumoniae may be developed in 

the near future, the morbidity and mortality associated with current S. pneumoniae 

infections necessitates the administration of proper antimicrobial therapy. Until the late 

1980s, the treatment of pneumococcal infections was relatively straightforward. These 

infections were readily treated with the ß-lactam penicillin (255). This antibiotic is 

discussed below.

Penicillin

In 1928, Alexander Fleming observed that staphylococci on an agar plate were lysed 

in the vicinity of the contaminating mold, Penicillium notatum  (245). Fleming suspected 

that the mold was producing a substance, later named penicillin, which inhibited bacterial 

growth. He followed up his initial observation by culturing the mold in broth and 

demonstrated that the broth filtrates were bactericidal in vitro. Nearly a decade later, a 

trio of British scientists, Howard Florey, Edward Abraham, and Ernst Chain, 

subsequently identified the value of this substance for the treatment of bacterial infections 

in humans and produced the antibiotic on an industrial scale for widespread use (245).
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Penicillin, like other ß-lactams, is a bactericidal agent that inhibits cell wall synthesis 

in susceptible bacteria. The primary targets of penicillin are the penicillin binding 

proteins (PBPs). These enzymes function in the maintenance and biosynthesis of the cell 

wall.

The basic structure of the penicillin molecule consists of a thiazolidine ring fused to a 

four-membered (ß-lactam) ring and a side chain (R) attached in a peptide linkage to the 

ß-lactam ring (Figure 1). Modifying the structure of penicillin has revealed the following 

information about structure activity relationships. First, oxidation of the sulfur group to a 

sulfone will decrease the activity of the penicillin, but give better acid stability. Second, 

the ß-lactam carbonyl and nitrogen are necessary for biological function (245). In 

addition, structural modifications to the R group can be made to alter the activity of the 

penicillin in several ways. These changes can make the compound a poor substrate for ß- 

lactamase enzymes by providing steric hinderance. Furthermore, altering the R group can 

change the spectrum of activity or pharmacological properties of a compound.

As mentioned above, the ß-lactam ring is essential for biological activity. It is a 

necessary component for the interaction with PBPs. The ß-lactam structure resembles that 

of the D-alanyl D-alanyl terminus of the polypeptide side chain of peptidoglycan (267) 

(Figure 1). This mimicry allows the penicillin to occupy the D-alanyl D-alanine substrate 

site of the PBPs. Here, the ß-lactam ring is broken by cleavage at the CO-N bond by the 

PBPs, and the compound becomes covalently linked to the enzyme (267). This reaction is 

irreversible and subsequent growth of the cell wall is inhibited.
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Figure 1. General structure of a penicillin molecule and the structures of penicillin G and 
penicillin V. For the general structure of penicillin, labeled arrows represent the 
following structures: a) ß-lactam ring; b) thiazolidine ring; c) side chain (R group) 
attachment site. Unlabeled arrows indicate the ß-lactam bond in the structures of 
penicillin G and penicillin V. The structure of D-alanyl D-alanine is included as a 
structural comparison to the penicillins.
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For over half a century, penicillin has been the standard drug of choice for infections 

caused by S. pneumoniae. Treatment of this organism has relied upon the two naturally 

occurring penicillins from P. notatum: penicillin G (benzylpenicillin, R group = 

CH2(C6H6)] and penicillin V [(phenoxymethol penicillin, R group = CFTCHCöHö)] (225) 

(Figure 1). Penicillin G and penicillin V have similar spectrums of action and are 

considered narrow-spectrum, penicillinase-sensitive penicillins (245).

Penicillin G is relatively unstable in acid (245). For maximum absorption of the drug 

into the bloodstream, it should be taken one hour before or two to three hours after a 

meal, as it has been shown that absorption is highest when the stomach is empty. 

Unfortunately, this is also the time when the pH is the lowest. The absorption 

characteristics and acid instability of the drug has therefore limited its use as an oral 

antibiotic. In contrast, penicillin V is more stable in acid than penicillin G. Thus, higher 

and more consistent levels of this drug are achieved in the bloodstream after oral 

administration (245). Because of these pharmacological properties, the treatment choice 

for uncomplicated pneumococcal infections has been oral penicillin V while 

intramuscular penicillin G has been used for more severe disease.

Antibiotic Resistance

Therapy with anti-pneumococcal agents may fail for many reasons including the 

development of resistance. Resistance occurs when, due to cellular mechanisms, an 

organism is able to survive in the presence of a chemical (i.e. disinfectant or antibiotic). 

In a clinical setting, antibiotic resistance results from the failed inhibition or killing of an 

organism at a drug concentration that is normally achieved at the site of infection 

following administration. Bacteria may exhibit natural resistance to an antibiotic or
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resistance can be acquired. Natural resistance, or intrinsic resistance, refers to the 

inherent structural, genetic, or physiological ability of an organism to resist inhibition 

with a chemical agent. Acquired resistance occurs when the cellular physiology or 

structure is changed by a genetic event that prevents a normally susceptible organism 

from being inhibited or killed with an antibiotic. Examples of acquired resistance include 

resistance-conferring mutations within genes on the bacterial chromosome or the 

acquisition of foreign DNA containing resistance genes. Generally, acquired resistance 

occurs in response to the selective pressure applied by antimicrobial therapy. Four 

general mechanisms of acquired resistance have been described: (1) alteration of the drug 

target site, (2) decreased permeability of the bacterial membrane, (3) drug efflux, and (4) 

enzymatic inactivation of the antimicrobial agent.

Emergence of Penicillin-Resistant S. pneum oniae

Following World War II, the use of penicillin reduced the case-fatality rate of 

pneumococcal pneumonia from 30% to as low as 5% (97). For the next 25 years, 

penicillin was utilized to successfully treat S. pneumoniae infections and resistance did 

not develop. In 1967, however, a pneumococcal isolate considered intermediately 

resistant to penicillin (MIC = 0.6 pg/mL) was isolated from a patient in Australia (96). 

The current Clinical and Laboratory Standards Institute (CLSI; formerly NCCLS) 

interpretive MIC breakpoints for penicillin are <0.06 pg/mL (susceptible), 0.12-1 pg/mL 

(intermediate), and >2 pg/mL (resistant) (190). Isolates classified as either intermediate 

or resistant are considered non-susceptible. Since 1967, resistant pneumococci have been 

identified globally in increasing numbers, especially since the early 1980s in Europe and 

early 1990s in the United States (97). According to the results of a multicenter national
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surveillance study conducted between November 1999 and April 2000, approximately 

35% of the pneumococci in the United States were resistant to penicillin (61). Resistance 

is more common in other locations, including parts of Europe and Latin America, where 

as many as 50-60% of isolates are no longer susceptible to penicillin (6).

Reduced susceptibility to penicillin in S. pneumoniae  is caused by mosaic PBP genes 

that encode PBPs with reduced affinity for penicillin. These mosaic blocks of DNA 

suggest that these genes were imported from related penicillin-resistant species through 

homologous recombination (252). It is likely that pneumococci obtained these PBP genes 

from oral viridans streptococci, such as S. mitis and S. oralis (97). Although changes to 

several PBPs have been described, structural changes to PBPs 1A and 2B appear to be the 

most important for mediating resistance. Markiewicz and Tomasz observed that all 

strains of S. pneumoniae with a penicillin MIC >1 fxg/mL had a structural change to PBP 

1A and 2B, suggesting that these PBPs are the primary targets of penicillin binding in 

pneumococci (167).

Penicillin resistance in S. pneumoniae is associated with resistance to other ß-lactams 

which have to some extent the same target, the PBPs. In the same national surveillance 

study described above (61), resistance rates to other ß-lactam antimicrobials were: 

amoxicillin, 24.2%, cefuroxime, 27.3%, cefpodoxime 27.7%, cefdinir, 27.2%, cefaclor, 

32.4%, ceftriaxone and cefotaxime, 24.7%. The emergence and worldwide spread of 

penicillin-resistant strains of S. pneumoniae posed a new challenge to the treatment of 

pneumococcal infections.

The increased prevalence of penicillin-resistant strains complicated the empiric 

therapy of pneumococcal infections and prompted some clinical microbiology
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laboratories to begin routine susceptibility testing of S. pneumoniae. In the wake of 

increasing penicillin resistance, macrolide antibiotics were increasingly used for the 

empirical treatment of pneumococcal infections.

M acrolides

In 1952, the first macrolide antibiotic, erythromycin, was isolated by JM McGuire and 

colleagues from the soil fungus Streptomyces erythreus (4). The chemical structure of 

erythromycin has been modified to yield other macrolides such as clarithromycin and 

azithromycin. Structurally, erythromycin and clarithromycin are characterized by 14- 

membered lactone rings with ten asymmetric centers and two attached sugars, L- 

cladinose and D-desosamine (Figure 2). In comparison, azithromycin has a 15-membered 

ring and a methyl-substituted nitrogen replacing the 9A carbonyl group (Figure 2).

The macrolides may be bacteriostatic or bactericidal, depending upon the bacterial 

species, the drug concentration, and the bacterial density (245). They inhibit protein 

synthesis by binding to the 50S subunit of the bacterial ribosome (164). The binding of a 

macrolide to the 50S subunit is thought to inhibit translocation of the peptidyl-tRNA 

from the A site to the P site, resulting in incomplete translation of peptides (201).

In patients allergic to penicillin, the macrolides have been indicated as an appropriate 

alternative for the treatment of pneumococcal infections (195). Although erythromycin is 

is active against susceptible strains of S. pneumoniae, the semi-synthetic macrolides 

clarithromycin and azithromycin are now more frequently prescribed because of more 

convenient dosing regimens and fewer adverse effects (114). Clarithromycin and
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Figure 2. Structures of the macrolide antibiotics. These antibiotics possess lactone rings 
with two attached sugars, L-cladinose and D-desosamine. While erythromycin and 
clarithromycin have 14-membered rings, azithromycin is composed of a 15-membered 
ring and a methyl-substituted nitrogen at the C-9 position. Labeled arrows represent the 
following structures: a) 14-membered lactone ring; b) D-desosamine sugar at C-5; c) L- 
cladinose at C-3; d) methylation of the C-6 hydroxyl in clarithromycin; e) methyl- 
substituted nitrogen in azithromycin.
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azithromycin are more stable in acid than erythromycin and are better absorbed (245). 

Thus, their bioavailability is higher. Furthermore, while the macrolides as a group are 

relatively nontoxic antibiotics, the newer macrolides are better tolerated than 

erythromycin. Although clarithromycin and azithromycin can produce occasional 

gastrointestinal disturbances, the incidences are less than erythromycin. In addition, the 

anti-pneumococcal activity of clarithromycin is superior to that of erythromycin (245). 

Moreover, because both clarithromycin and azithromycin offer increased activity against 

H. influenzae and M. catarrhalis, they are better choices for empiric therapy of 

community-acquired pneumonia (245).

Emergence o f M acrolide-Resistant S. pneum oniae

During the 1990s, resistance to the macrolides increased at a rate similar to that of the 

ß-lactams. In 1988, only 0.2% of S. pneumoniae respiratory isolates in the United States 

were resistant (breakpoint >1 pg/mL) to erythromycin (124). However, in subsequent 

years, the incidence of erythromycin resistance in S. pneumoniae  increased to 6.4% in 

1992, 13.9% in 1996, 20.4% in 1999, and 29.2% in 2003 (6, 131). Higher resistance rates 

have been reported in other parts of the world (e.g. 52% in 1995 in Spain (226) and 80% 

in Hong Kong (116)).

Two mechanisms of macrolide resistance have been characterized in S. pneumoniae: 

modification of the drug target site (146) and active efflux of the drug from the cell (261). 

Although macrolide-inactivating enzymes have been recognized in other organisms (196, 

244), this mechanism has not been reported in S. pneumoniae. The first mechanism of 

resistance in S. pneumoniae  described involves the production of a ribosomal methylase. 

This enzyme, encoded by the erm gene (erythromycin ribosomal methylase), methylates
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a specific adenine (A2058) on the 23S rRNA. This post-transcriptional alteration confers 

resistance to the macrolides, lincosamides, and streptogramin B and appears in the 

peptidyltransferase region of the 23S rRNA domain V, suggesting that this domain is an 

important target of binding for these antibiotics (276). Over 30 erm  genes have been 

isolated and characterized from diverse sources, ranging from pathogens to 

environmental organisms, such as actinomycetes that produce antibiotics (276). In S. 

pneumoniae, strains containing the erm  gene have the MLS phenotype, which is 

characterized by resistance to the macrolides, lincosamides, and streptogramin B. The 

erm  gene in pneumococci is frequently found on the conjugative transposon, T n ]545, 

which can also harbor resistance genes for tetracycline, chloramphenicol, and kanamycin 

(59, 247). Therefore, strains resistant to the macrolides are often resistant to multiple 

classes of antibiotics.

Modification of the ribosome is not the only mechanism that confers resistance to the 

macrolides in S. pneumoniae. Macrolide efflux has been described and is driven by a 

pump encoded by the m efE  or mefA genes. Mef belongs to the major facilitator 

superfamily of efflux pumps and uses proton motive force to drive the export of drug 

from the cell. The mefE  gene is found on the 5.4 kb mega (macrolide efflux genetic 

assembly) element (83) while mefA is usually present on the transposons Tn/207.7 and 

Tn7207.3 (240, 241). Strains harboring the mefA  gene have the M phenotype, which is 

characterized by resistance to the macrolides, but sensitivity to the lincosamides and 

streptogramin B is observed because Mef poorly effluxes these latter antibiotics (261).

World-wide, the erm  resistance determinant is seen more frequently (56%) than the 

m ef determinant (35%) in macrolide-resistant strains of S. pneumoniae  (69). While erm is
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the predominant resistance mechanism across much of the world, efflux mediated by 

MefA is the most common mechanism of macrolide resistance in the United States (69% 

of resistant isolates contain mefA versus 16% containing erm) (68). Furthermore, it is 

noteworthy that the percentage of resistant strains harboring both erm  and m ef genes has 

increased, from 9.7% in 2001 to 16.4% in 2003. Morever, greater than 90% of resistant 

isolates harboring both erm  and m ef  genes also exhibited high-level resistance to 

penicillin, cefuroxime, tetracycline, and trimethoprim-sulfamethoxazole (68). In fact, 

99.2% of isolates with both resistance determinants were resistant to more than two 

classes of antibiotics (68).

Em ergence o f M ulti-Drug Resistance in S. pneum oniae

In addition to emerging ß-lactam and macrolide resistance, S. pneumoniae has become 

increasingly resistant to other anti-pneumococcal agents. In a recent United States 

surveillance study, the overall rates of resistance to other agents were as follows: 

clindamycin 9.4%, chloramphenicol 8.4%, tetracycline 16.2%, and trimethoprim- 

sulfamethoxazole 31.9% (62). Resistance to each of these agents occurred over the same 

ten-year period that ß-lactam and macrolide resistance developed. Furthermore, 

consistently higher rates of resistance to non-ß-lactam antibiotics were observed among 

pneumococci with high-level penicillin resistance. This association between resistance to 

penicillin and resistance to other agents is not thought to result from a common resistance 

mechanism, but is rather the result of a clonal spread of a few strains resistant to 

penicillin that have developed resistance to other agents through selective pressure. 

Indeed, the spread of resistant pneumococci in the United States and throughout the
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world is thought to be related to the spread of a few highly resistant clones, such as 

serotypes 6B, 19F, and 23F (57, 176).

The rapid emergence of multi-drug resistant S. pneumoniae over the past 15 years has 

complicated the treatment of pneumococcal infections and created a need for alternative 

therapeutic agents. Newly developed compounds within the fluoroquinolone group of 

antibiotics have demonstrated potential as anti-pneumococcal agents. This class of 

antibiotic is discussed below.

History of F luoroquinolone Development

The fluoroquinolones (also called quinolones, 4-quinolones, and quinolone carboxylic 

acids) are derived from the earlier agent nalidixic acid. Although nalidixic acid is often 

described as the first quinolone, it is actually a naphthyridine and was isolated in 1960 by 

Lesher and colleagues from a distillate during purification of the anti-malarial drug, 

chloroquine (149). Because of its narrow antibacterial spectrum, poor tissue penetration, 

and high protein binding, nalidixic acid was only used for the treatment of gram-negative 

urinary tract infections. Modifications to the naphthyridine core of nalidixic acid became 

the basis for a series of more active compounds with broader spectra of activity. During 

the 1970s, the 4-quinolones oxolinic acid and cinoxacin, were synthesized and had 

improved activity against a limited range of gram-negative pathogens (13). The 

breakthrough to broad spectrum activity came in 1980 with the introduction of a fluorine 

atom at position 6 of the napthyridone ring. This discovery led to the development of the 

first fluoroquinolone norfloxacin. In comparison to nalidixic acid, fluoroquinolones are 

characterized by the addition of a fluorine atom at the C-6 position and a piperazine ring 

at the C-7 position (Figure 3).
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During the early 1980s, it was discovered that a substitution of a cyclopropyl group at 

the 1-position of norfloxacin greatly increased the potency of the agent (Figure 3). The 

resulting fluoroquinolone, ciprofloxacin, was approved for use in humans in 1986 and 

demonstrated 4-8 fold more potent activity against the majority of gram-negative and 

gram-positive pathogens, including S. pneumoniae  (65). Ofloxacin and its L-isomer 

levofloxacin were also developed during the 1980s and contained alterations to the base 

quinolone pharmacore that resulted in enhanced anti-gram-negative and anti-gram- 

positive activity in comparison to norfloxacin (91). While ciprofloxacin was successfully 

used to treat some respiratory tract infections, clinical failures during treatment of 

pneumococcal infections limited its use in this area (147). Subsequently, newer 

fluoroquinolones such as Sparfloxacin, grepafloxacin, and clinafloxacin were synthesized 

and demonstrated enhanced gram-positive activity. However, their use was largely 

abandoned because of phototoxicity and their potential for causing cardiac dysrhythmias. 

The most recently developed fluoroquinolones moxifloxacin and gatifloxacin have an 

additional methoxy side chain at position 8 (Figure 3) and demonstrate enhanced activity 

against gram-positive pathogens and anaerobes. As a result, their use is more appropriate 

against respiratory tract infections, including those due to S. pneumoniae, than against 

urologic pathogens.

The fluoroquinolones are bactericidal agents that disrupt replication of DNA in 

susceptible organisms by inhibiting the actions of two enzymes, DNA gyrase and DNA 

topoisomerase IV. These enzymes are discussed below.
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Figure 3. Structures of nalidixic acid and the fluoroquinolone antibiotics. Modifications 
to the naphthyridine core of nalidixic acid became the basis for a series of more active 
compounds with broader spectrums of activity. Labeled arrows represent the following 
structures: a) fluorine atom at C-6; b) piperazine ring at C-7; c) keto group at C-4; d) C-l 
cyclopropyl group of ciprofloxacin; e) the C-8 methoxy group of gatifloxacin and 
moxifloxacin that enhances gram-positive activity.
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DNA Gyrase

DNA gyrase is one of two essential members of the type II DNA topoisomerases, a 

family of enzymes that control and modify the topological state of DNA in a bacterial 

cell. During DNA replication, the separation of DNA by a helicase introduces positive 

supercoils (regions of DNA with less than 10.4 bp/turn) ahead of the replication fork. If 

left unresolved, these positive supercoils prevent the progression of the replication fork 

(90). DNA gyrase works ahead of the replication fork to remove excess positive 

supercoils by the continuous introduction of negative supercoils. Utilizing ATP, the 

enzyme binds to DNA, wraps a -130  bp segment of DNA around itself, cuts both strands 

of DNA, permits passage of a DNA segment through the break, and reseals the break to 

relax the DNA (53).

DNA gyrase has a tetrameric A2B2 structure that consists of two GyrA and two GyrB 

subunits that are encoded by the gyrA  and gyrB  genes, respectively. The GyrA subunit 

has two functional domains. The N-terminal domain contains the active site tyrosine 

residue (Tyr-120) that participates in the breakage-reunion reaction with DNA (53). This 

occurs via a transesterification reaction that results in the attachment of the 5 ’ phosphoryl 

end of the cleaved DNA backbone to the hydroxyl group of Tyr-120 (12, 90). The 

transient complex created by the binding of GyrA to the DNA backbone is referred to as 

the cleavable complex. The C-terminal portion of GyrA contains the functional domain 

for GyrA/GyrB subunit interaction and is also involved in wrapping the DNA around the 

A2 B2 tetramer (90). The GyrB subunit consists of an N-terminal domain that hydrolyzes 

ATP and a C-terminal domain that binds the GyrA subunit.
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Topoisomerase IV

DNA topoisomerase IV is the second essential member of the type II topoisomerases. 

The primary role of topoisomerase IV is the decatenation of linked daughter DNA 

molecules created during bidirectional DNA replication. In vivo, mutants without a 

functional topoisomerase IV replicate DNA at normal rates, but replicated chromosomes 

fail to separate (102). Both DNA gyrase and topoisomerase IV use a double-strand 

passage mode of action (229). However, they are fundamentally different in that gyrase 

wraps DNA around itself while topoisomerase IV does not.

Topoisomerase IV shares several structural similarities to DNA gyrase. 

Topoisomerase IV is also a tetrameric structure (C2E2), consisting of two ParC subunits 

and two ParE subunits encoded by the genes parC  and parE, respectively. In 5. 

pneum oniae , the GyrA and GyrB subunits of DNA gyrase are respectively homologous 

with the ParC and ParE subunits of topoisomerase IV (12, 117). Like GyrA, ParC 

contains the active site tyrosine residue that mediates the breakage and reunion of DNA 

while the GyrB homologue, ParE, is primarily responsible for hydrolyzing ATP. 

M echanism of Fluoroquinolone Action

The functional targets of the fluoroquinolones are DNA gyrase and topoisomerase IV. 

However, there is no evidence in the literature to suggest that the fluoroquinolones 

directly bind to the enzymes. Although early resistance mutation studies indicated that 

the fluoroquinolones might interact with GyrA of DNA gyrase and ParC of 

topoisomerase IV, subsequent binding studies by Shen and Pernet showed no binding of 

labeled norfloxacin to either enzyme subunit or holoenzyme (111, 251). Instead, they 

demonstrated binding of the fluoroquinolone to DNA alone. A later study by Shen and
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colleagues showed that DNA gyrase actually enhances the binding of the 

fluoroquinolones to double-stranded DNA (249). In addition, a radioligand-binding 

method was used to demonstrate that fluoroquinolones prefer binding to single-stranded 

DNA rather than double-stranded DNA (248). These data suggest that fluoroquinolone 

molecules bind directly to exposed regions of single-stranded DNA created by the 

enzymes during formation of the cleavable complex. It is proposed that the 

fluoroquinolones interact with the bases of DNA via hydrogen bonding with the carboxy 

group at the 3-position and the oxo group at the 4-position. Furthermore, drug binding is 

thought to be cooperative, with four fluoroquinolone molecules binding at the pocket 

created by the actions of the enzymes on the DNA substrate (Figure 4) (250).

The formation of a ternary complex consisting of drug, DNA, and gyrase stabilizes the 

covalent bond between the gyrase and DNA. This interaction prevents the enzyme from 

dissociating from the DNA, thus trapping the cut DNA intermediate and inhibiting 

enzyme turnover. The subsequent events leading to cell death are poorly understood. One 

possible explanation for the lethal action is termed the “poison hypothesis” and suggests 

that stabilization of the cleavable complex causes the moving replication fork to collide 

with the complex, leading to a sudden and lethal end of DNA replication (90). However, 

cleavable complexes are also formed with fluoroquinolones and topoisomerase IV. 

Because topoisomerase IV does not work ahead of a moving replication fork, it is 

possible to hypothesize that stabilization of the complex does not lead to fork arrest. 

Early work from Hiasa and colleagues showed that norfloxacin did interact with 

topoisomerase IV to potently arrest replication fork progression (103). However, this 

event did not cause measurable DNA breakage, suggesting that collision of the
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Figure 4. Mechanism of fluoroquinolone action. The binding of four fluoroquinolone 
molecules to exposed regions of DNA occurs after formation of the cleavable complex. 
The GyrA subunit contains the active site tyrosine (Tyr) that participates in the breakage- 
reunion reaction with DNA. Labeled arrows represent the following structures: a) GyrA 
subunits; b) GyrB subunits; c) double-stranded DNA; d) active site tyrosine residue; e) 
four fluoroquinolone molecules represented by black boxes. Adapted from Shen et al., 
Biochemistry 28: 3886-94 (1989).
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replication fork with a cleavable complex containing topoisomerase IV may not be 

sufficient to cause double-stranded breaks in DNA that kill the cell. More recent studies 

indicate that drug inhibition of topoisomerase IV differs from that of DNA gyrase. In a 

report by Khodursky et al., inhibition of topoisomerase IV favored the formation of 

replication catenates (undecatenated daughter strands) instead of double-stranded DNA 

breaks, a process that resulted in slower killing than gyrase inhibition (134). However, in 

contrast to earlier studies, Khodursky and colleagues also demonstrated that 

topoisomerase IV inhibition induced double-stranded DNA breaks via the formation of a 

bulky DNA adduct that eventually interferes with the progression of a replication fork 

(133, 134).

In addition to the interaction with DNA as proposed above, other mechanisms might 

be involved in the bactericidal activity of the fluoroquinolones. It has been shown that the 

fluoroquinolones can induce the production of the SOS regulatory protein RecA (156). 

The physiological consequences of SOS induction include enhanced DNA repair and 

inhibition of cell division. This knowledge has led to speculation that induction of the 

SOS response not only plays a role in repairing quinolone-induced damage to DNA, but 

may also lead to cell suicide. Piddock and Walters demonstrated that E. coli mutants 

defective in the SOS response survived longer than a wild-type strain. These data 

suggested that induction of the SOS response by fluoroquinolones is harmful to the cell 

(216). However, this hypothesis is debatable, especially in light of reports that recA- 

deficient mutants are hyper-susceptible to the bactericidal effects of the fluoroquinolones 

(172, 269).
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Due to increasing multi-drug resistance, recent guidelines have encouraged clinicians 

to incorporate the use of fluoroquinolones in patients with pneumococcal infections (19). 

Fluoroquinolones with increased activity against S. pneumoniae, including levofloxacin, 

gatifloxacin, and moxifloxacin, have been recommended and used for treatment of 

pneumococcal infections (158). However, this is controversial because of concerns about 

the risk of resistance emerging (100). Although fluoroquinolone resistance is rare in most 

areas (i.e. <2%) (35, 41, 46, 61, 182, 236), it is feared that expanded usage of these 

agents could select resistant strains that may eventually limit their usefulness.

This concern is supported by reports of increasing resistance. In Canada, where 

fluoroquinolone usage is high, fluoroquinolone resistance has increased. Between 1988 

and 1997, fluoroquinolone prescriptions increased from 0.8 to 5.5 per 100 persons per 

year (49). During this time, the incidence of infection with pneumococci exhibiting 

reduced susceptibility to fluoroquinolones (MIC > 4 pg/mL of ciprofloxacin, 

EUCAST/BSAC breakpoint (159)) increased from 0% to 4%. Resistance was highest in 

certain age groups (i.e. patients > 65 years of age) and geographic locations (i.e. Ontario) 

where fluoroquinolones were most often prescribed. These data suggest a correlation 

between fluoroquinolone usage and resistance rates.

Outside North America, higher rates of fluoroquinolone resistance have been reported 

(e.g. 15.2% in Northern Ireland (88), 14.3% in Hong Kong (72), and 5.3% in Spain (81)). 

In Hong Kong, the increase in fluoroquinolone resistance was associated with the 

dissemination of a single, multi-drug resistant clone, 23F, which was also responsible for 

fluoroquinolone resistance in Spain (104). This finding suggests that this

42

Fluoroquinolone Resistance in S. pneumoniae



fluoroquinolone-resistant variant of the Spanish 23F clone spread internationally, as its 

penicillin-resistant ancestor did in the previous decade. Within the United States, states 

such as Colorado and Massachusetts have reported increased rates of levofloxacin 

resistance, 4.6% and 4.8%, respectively (74). These data increase concern about the 

potential risks such clones will pose for the future dissemination of fluoroquinolone 

resistant S. pneumoniae.

The first case reports of clinical failures of levofloxacin therapy associated with 

fluoroquinolone resistance in the United States and Canada were reported in 2001 and 

2002, respectively (56, 66). The development of fluoroquinolone resistance in initially 

susceptible isolates and subsequent clinical failure in two patients treated with 

levofloxacin in Canada is particularly concerning. Due to the increased usage of the 

fluoroquinolones and their role in treating penicillin- and macrolide-resistant 

pneumococcal infections, it is important that resistance mechanisms are identified and 

understood in order to evaluate which fluoroquinolones are least likely to propagate the 

selection of resistant mutants.

There are two purported mechanisms of fluoroquinolone resistance in S. pneumoniae. 

The most extensively studied resistance mechanism involves alterations in the target 

enzymes.

Alterations in Target Enzymes

The antibacterial potency of a fluoroquinolone is defined in part by its activity against 

the two target enzymes; the more sensitive of the two enzymes within a cell is the 

primary target. Comparative studies of fluoroquinolone sensitivities and the development 

of resistance have revealed a general pattern; DNA gyrase is the primary fluoroquinolone
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target for gram-negative bacteria while topoisomerase IV is the primary target for gram- 

positive bacteria (110). A notable exception is S. pneumoniae, where either DNA gyrase 

or topoisomerase IV may be the primary target, depending on the fluoroquinolone (78).

In S. pneumoniae, resistance can occur as a result of alterations in the target enzymes. 

These alterations are usually localized to specific domains of each subunit known as the 

quinolone resistance determining regions (QRDRs). Mutations that confer resistance do 

so by reducing the binding affinity of the quinolone for the target enzymes (279). Within 

the GyrA and ParC subunits of resistant bacteria, crystal-structure data show that amino 

acid substitutions conferring resistance are generally localized in a-helix 4, which is the 

domain in the amino terminus that contains the active site tyrosine (180). Furthermore, 

amino acid substitutions are clustered in three-dimensions, suggesting that this region 

constitutes part of a fluoroquinolone-binding pocket near the enzyme (180). Although 

DNA gyrase and topoisomerase IV are highly conserved and homologous, it is probable 

that in the region constituting the fluoroquinolone binding pocket, the slight amino acid 

differences between bacteria and enzymes alter the binding affinity of the 

fluoroquinolone and account for the differences in preferential target.

QRDR changes arise from spontaneous mutations in the genes encoding the enzyme 

subunits, and thus can exist in small numbers (1 in 10s to 1 in 109 cells) in large bacterial 

populations (108). Therefore, quinolone resistance via target alterations is driven by the 

principle of natural selection, in which selected chromosomal mutations confer 

resistance. Nucleotide changes occur in steps and each additional mutation results in a 

further increase in the fluoroquinolone MIC (158). The first step in mutational resistance 

occurs in the gene encoding the primary target, which is the enzyme for which the
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fluoroquinolone has the greatest binding affinity (108). Higher levels of resistance occur 

by an additional mutation in the secondary target. Further selection pressure may result in 

additional amino acid changes in either enzyme. This stepwise pattern of mutations in 

alternating enzyme targets suggests that a fluoroquinolone having high intrinsic affinity 

to its primary target and its secondary target will be less likely to select first-step mutants 

(108). Therefore, fluoroquinolones that are highly potent at the site of infection are 

unlikely to select spontaneous first-step mutants in a bacterial population because such 

mutants are killed by a concentration of drug that exceeds the MIC of the first-step 

mutant (108). This principle would predict that selection of fluoroquinolone resistance 

could occur readily in organisms in which a single mutation causes the MIC of a 

fluoroquinolone to approach or exceed achievable serum concentrations. Thus, it is 

important to identify fluoroquinolones with enhanced potency that demonstrate activity 

against less-susceptible mutants that may arise through selection of spontaneous 

mutations.

Several mutations within the QRDRs of both enzymes have been described in 

fluoroquinolone resistant isolates of S. pneumoniae (21, 33, 123). In these studies, the 

most frequently identified amino acid substitutions occurred in ParC and GyrA. 

Specifically, substitutions of phenylalanine and tyrosine for a serine at positions 79 in 

ParC and 81 in GyrA were the primary target mutations. In addition, changes to aspartic 

acid at position 83 in ParC and glutamic acid at position 85 in GyrA are commonly 

reported. Alterations within the QRDRs of GyrB and ParE are seen less frequently. The 

contribution of reported substitutions in GyrB and ParE to reducing fluoroquinolone 

susceptibility in clinical isolates is unclear (117, 208).
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Because the molecular interactions of the fluoroquinolone/enzyme/DNA complex are 

poorly understood, predicting the effect of a particular substituted residue is difficult. 

Steric hindrance of the fluoroquinolone may arise from the replacement of serine residue 

with a bulky phenylalanine or tyrosine group (20). In contrast, replacing an acidic residue 

(e.g. glutamic acid) with a basic amino acid such as lysine probably interferes with 

electrostatic interactions within the fluoroquinolone binding pocket (20).

Studies have shown that the amino acid position targeted for replacement is important 

in determining the degree of fluoroquinolone resistance. In S. pneumoniae, substitutions 

for Ser-79 in ParC, in combination with substitutions in GyrA, are more commonly 

associated with a ciprofloxacin MIC of >16 pg/mL than are Asp-83 substitutions in ParC 

(20). Furthermore, the specific residue that is substituted may also be important. For 

example, substitutions of glutamic acid at the 85 position of GyrA with lysine have been 

reported in isolates with ciprofloxacin MICs as high as 64 pg/mL, whereas isolates 

harboring a glycine substitution at the same position have MICs <16 pg/mL. Despite 

these observations, a direct correlation between an amino acid substitution and the 

fluoroquinolone susceptibility profile of a strain cannot always be made. In several 

instances, a 4-8 fold difference in the MIC of ciprofloxacin can be observed between 

isolates with identical QRDR mutations (20). Although mutations outside the QRDRs 

have been detected, they do not appear to affect fluoroquinolone susceptibility (33). 

These data suggest that additional mechanisms are involved in pneumococcal 

fluoroquinolone resistance. The only other purported mechanism of fluoroquinolone 

resistance in S. pneumoniae is drug efflux. This resistance mechanism is discussed below.
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D rug  Efflux

In bacterial pathogens, the presence of broad substrate efflux pumps can facilitate the 

decreased accumulation of dyes, detergents, and antibiotics that penetrate the cell. Efflux 

pump expression can significantly contribute to bacterial resistance by decreasing the 

intracellular concentration of these agents to subtoxic levels (28). Efflux pumps are 

categorized into five superfamilies based upon their amino acid sequence identity, 

substrate specificity, and energy source (270). The superfamilies include the: (1) ATP- 

binding cassette (ABC) transporters, (2) resistance-nodulation-division (RND) 

transporters, (3) multi-drug and toxic compounds extrusion (MATE) transporters, (4) 

major facilitator superfamily (MFS) transporters, and (5) small multi-drug resistance 

(SMR) transporters. While ABC transporters are dependent on ATP-binding/hydrolysis, 

the other superfamilies acquire energy via the downhill transport of protons along a 

concentration gradient, also known as proton motive force.

ABC transporters are found in eukaryotes, prokaryotes, and archaea. Although they 

were discovered as drug transporters, they also play an important role in the transport of 

several other compounds, such as dyes, sugars, amino acids, proteins, ions, and vitamins. 

In eukaryotes, members of this family include the clinically significant multi-drug 

resistance pump P-gp (P-glycoprotein) (92) and MRP (multi-drug resistance protein) 

(150), both of which confer resistance to anti-cancer drugs. In bacteria, a few homologues 

have been identified, including the LmrA (272) multi-drug transporter of Lactococcus 

lactis and MacB, a macrolide transporter in Escherichia culi (141). Structurally, the ABC 

pumps usually consist of > 1000 amino acids and are therefore the largest of the five 

superfamilies. These transporters are multicomponent, multidomain systems that
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generally consist of two similar halves, each containing six transmembrane spanning a- 

helices and a nucleotide binding domain (28).

In contrast to the ABC transporters, the RND transporters have only been identified in 

gram-negative bacteria. They are responsible for the export of drugs, metal ions, bile 

salts, organic solvents, detergents, and biocides. RND transporters are the second largest 

systems, consisting of ~ 1000 amino acids. They adopt a 12-helical structure and possess 

large periplasmic and extracytoplasmic domains between helices one and two and 

between helices seven and eight (28). AcrB from E. coli is a well characterized RND- 

type transporter and is responsible for the efflux of tetracycline, chloramphenicol, 

nalidixic acid, and some fluoroquinolones (284).

The MATE superfamily was identified in 1998 with the characterization of NorM, a 

multi-drug transporter of Vibrio parahaemolyticus, which confers resistance to dyes, 

aminoglycosides, and the fluoroquinolones (181). MATE systems have since been 

identified in eukaryotes, prokaryotes, and archaea. These transporters typically consist of 

450-550 amino acids and are putatively arranged into 12 transmembrane helices. Their 

role in the efflux of fluoroquinolones has been described in several organisms (179, 281).

Similar to the ABC and MATE transporters, MFS systems have been discovered in 

eukaryotes, archaea, and prokaryotes and are involved in the movement of drugs, sugars, 

metabolites, and anions. MFS pumps are typically composed of ~ 400 amino acids 

arranged into 12 membrane-spanning helices, with a large cytoplasmic loop between 

helices six and seven (238). A MFS-type transporter, NorA, has been identified in 

Staphylococcus aureus and plays a role in the efflux of fluoroquinolones (127).
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Compared with the other superfamilies, the SMR transporters are the smallest of the 

pumps, consisting of only 100-120 amino acids. These transporters are arranged into four 

membrane spanning helices and have only been discovered in prokaryotes (28). The most 

extensively characterized SMR pump is EmrE of E. coli. This transporter confers reduced 

susceptibility to the intercalating dye ethidium bromide (282). An EmrE homolog has 

been identified is Pseudomonas aeruginosa and also contributes resistance to ethidium 

bromide, as well as the dye acriflavine and the aminoglycosides (152).

Fluoroquinolone Efflux in S. pneumoniae

While the effects of point mutations within the QRDRs have been well characterized, 

much remains to be learned about efflux as a mechanism of fluoroquinolone resistance in 

S. pneumoniae. Accumulation of the fluoroquinolones inside the cytoplasm is thought to 

take place by simple diffusion across the cytoplasmic membrane (213), but reports 

indicate that active efflux systems exist in S. pneumoniae to reduce intracellular drug 

concentrations to sub-lethal levels (15, 32). Furthermore, it is hypothesized that efflux 

can also contribute to the development of fluoroquinolone resistance by delaying the 

lethal action of fluoroquinolones for a sufficient period to permit QRDR mutations to 

occur (165). The development of efflux-mediated resistance in organisms such as E. coli, 

P. aeruginosa, and S. aureus requires the enhanced expression of endogenous efflux 

systems that actively pump drug from the cytoplasm (108). To date, the increased 

expression of an efflux system associated with fluoroquinolone resistance in S. 

pneumoniae has not been reported.

In S. pneumoniae, the involvement of active efflux can be evaluated phenotypically 

with antimicrobial susceptibility tests that include the plant alkaloid reserpine, a known
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inhibitor of some gram-positive efflux systems (184). Efflux-mediated resistance has 

been inferred if the MICs of ethidium bromide or substrate fluoroquinolones are 

decreased > 4-fold in the presence of reserpine (32). However, tests with reserpine may 

be misleading because its inhibitory effect is growth phase and medium dependent (214). 

Furthermore, the solubility of reserpine in aqueous solutions is poor (1). Faint precipitates 

in test tubes containing reserpine have been observed, suggesting a loss of activity due to 

removal of the compound from solution (1). Attempts to improve reserpine solubility 

using the compound dimethyl sulfoxide (DMSO) have resulted in stunted bacterial 

growth, making interpretation of the reserpine effects difficult (1). In addition, mutants of 

gram-positive bacteria with efflux pumps unaffected by reserpine have been described. 

For example, Ahmed et al. observed that mutations in the Bmr pump of Bacillus subtilis 

caused the pump to become resistant to reserpine, even though it was still able to efflux 

antibacterial compounds (2). In view of these technical limitations, the value of reserpine- 

based tests for efflux detection in S. pneumoniae seems to be limited.

Ethidium bromide is a substrate for most gram-positive efflux pumps (132) and 

demonstrates antimicrobial activity. Since ethidium bromide is a nonspecific DNA 

intercalator, the only known mechanism of resistance to this compound is efflux (166). 

Therefore, susceptibility tests that utilize ethidium bromide to measure efflux are an 

alternative to reserpine-based methodology. Increased efflux is indicated by a > 4-fold 

increase in the MIC of ethidium bromide in a mutant strain.

Brenwald et al. have suggested that efflux may be a frequent cause of clinically 

significant fluoroquinolone resistance in S. pneumoniae (32). Among 273 United 

Kingdom clinical isolates with reduced susceptibility to norfloxacin or ciprofloxacin,
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45.4% showed an efflux phenotype (>4-fold decrease in norfloxacin MIC after addition 

of reserpine). These strains displayed multi-drug resistance with decreased 

susceptibilities to a wide variety of compounds including ethidium bromide and some 

fluoroquinolones, including norfloxacin and ciprofloxacin.

Several studies have suggested that a reserpine-sensitive efflux system exists in S. 

pneumoniae (33, 215, 286). As mentioned above, a fluoroquinolone efflux pump, NorA, 

has been identified in S. aureus (125, 193, 194). A homologous system (PmrA) was 

found in S. pneumoniae and its possible involvement in the export of fluoroquinolones 

has been evaluated (85).

PmrA

In a report by Gill et al. in 1999, the putative efflux pump PmrA was investigated in a 

strain of S. pneumoniae demonstrating an efflux phenotype (85). This strain, R6N, was 

derived from the wild-type laboratory strain R6 and displayed 4-8 fold increased MICs of 

the fluoroquinolones norfloxacin and ciprofloxacin and the dyes ethidium bromide and 

acriflavine. Inactivation of PmrA in R6N reversed the susceptibility profile of the mutant 

back to wild-type levels. From these data. Gill and colleagues concluded that the gene, 

pmrA , encodes a MFS-type efflux pump that mediates resistance to acriflavine, ethidium 

bromide, ciprofloxacin, and norfloxacin. Furthermore, the pmrA gene was found by PCR 

in all examined strains of S. pneumoniae. Thus, it was suggested that the associated drug 

resistance phenotype resulted from increased expression of pmrA, but no data was 

generated to support this finding (85).

Subsequent studies have been unable to correlate expression of pmrA with 

fluoroquinolone resistance. In a report by Brenwald et al., pmrA RNA expression levels
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were evaluated in mutants of R6 that had been selected with sub-MIC levels of 

levofloxacin (31). Despite displaying efflux phenotypes, these mutants did not show 

increased levels of pmrA expression compared with the parent strain R6. Piddock and 

colleagues determined the RNA expression of pmrA in a variety of efflux mutants by 

northern blotting, but no correlation between pump expression and susceptibility to the 

fluoroquinolones was observed (215). In addition, Pestova and colleagues inactivated 

pmrA in the laboratory strain CP 1000, but did not observe differences in the MICs of 

suspected efflux substrates (210). They also reported that the loss of PmrA does not 

affect the ability of S. pneumoniae to develop increased levels of ethidium bromide 

resistance. These studies suggest that pumps other than PmrA can contribute to efflux- 

mediated fluoroquinolone resistance in S. pneumoniae.

Within the genomes of S. pneumoniae strains R6 (112) and TIGR4 (266), over 80 

putative pumps showing similarity to MFS transporters, MATE transporters, SMR 

transporters, and ABC transporters have been identified through comparative genomic 

analyses (31). It is possible that any of these transporters may be involved the export of 

clinically relevant antimicrobials. To date, the potential role of these putative pumps in 

multi-drug efflux has not been elucidated. However, two recent studies have suggested 

that the ABC-type transporter proteins, PatA and PatB, may be involved in pneumococcal 

fluoroquinolone resistance.

PatA and PatB

Marrer and colleagues used microarray analyses to demonstrate that the expression of 

the putative efflux genes, patA  and patB , was induced by fluoroquinolone exposure in 

fluoroquinolone sensitive strains of S. pneumoniae (169). Furthermore, Robertson et al.
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inactivated PatA and PatB in S. pneumoniae strain TIGR4 and observed that resulting 

mutants showed significant (>4-fold) increases in susceptibility to ethidium bromide, 

acriflavine, and norfloxacin, and marginal (2-fold), but reproducible increases in 

susceptibility to oxolinic acid, novobiocin, erythromycin, and ciprofloxacin (228). These 

studies indicated that the genes patA  and patB  may contribute to the resistance of S. 

pneumoniae to several compounds, including the fluoroquinolones norfloxacin and 

ciprofloxacin.

The predicted PatA and PatB proteins contain 564 and 603 amino acids, respectively, 

corresponding to calculated molecular weights of 62.2 and 67.4 kDa. Using a reference 

program to predict the number of transmembrane helices in a protein 

(http://www.cbs.dtu.dk/services/TMHMM/), a total of 6 predicted transmembrane 

segments (TMSs) are present in the ABC-transporter encoded by PatA and 5 predicted 

TMSs exist in the protein encoded by PatB. As noted above, the ABC pumps usually 

consist of > 1000 amino acids and are multicomponent systems that generally possess 

similar halves, each containing ~ six transmembrane spanning a-helices and a nucleotide 

binding domain (28). Several transporters within the ABC-class of drug efflux pumps are 

proposed to function as dimers, with two components expressed from two interdependent 

genes. PatA and PatB show similarity to other two-component ABC-type multi-drug 

transporters, including efrA and efrB of Enterococcus faecalis  (148) and null and md2 of 

Mycoplasma hominis (224). The genes efrA and efrB of E. faecalis  and the null and md2 

genes of M. Iiominis appear to be organized on an operon, with the two genes 

overlapping, followed by a transcription termination sequence (148, 224). Although PatA 

and PatB are closely linked on the pneumococcal chromosome, Robertson et al.
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suggested that they do not appear to constitute an operon because the middle gene 

(spr 1886, encoding a degenerate transposase) in this three-gene cluster is predicted to be 

transcribed in the opposite direction of patA  and patB  (Figure 5). However, this has not 

been investigated further.

Efflux Pump Expression in S. pneumoniae

Although the regulation of efflux gene expression in S. pneumoniae remains poorly 

understood, the mechanisms leading to pump overexpression have been characterized in 

some organisms. Alterations in the expression or structure of regulatory proteins have 

been associated with enhanced expression of multi-drug efflux pumps. In E. coli, 

mutations leading to overproduction of the transcriptional activator MarA are implicated 

in the increased expression of the fluoroquinolone efflux pump AcrAB (163). Other 

studies associated with efflux have highlighted the importance of mutations in key 

sequences situated 10 and 35 bp upstream of transcription start sites (known as the -10 

and -35 elements, respectively). In E. coli, the -10 and -35 elements are highly conserved 

among promoters and contain the consensus sequences TATAAT and TTGACA, 

respectively (219). These elements play critical roles in promoter recognition and 

transcription initiation.

In the case of efflux gene expression, mutations that reduce the similarity of the 

promoter to the consensus sequence generally reduce transcriptional levels, whereas 

mutations that increase the similarity to the consensus sequence result in increased 

transcription (99). In one example from Neisseria gonorrhoeae, a G —>T mutation in the 

-10 element was associated with overexpression of the MacA-MacB macrolide efflux 

pump (230). In S. pneumoniae, expression is also driven from promoters that contain the
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Figure 5. Schematic representation of the patA/patB  gene locus from S. pneumoniae 
strain R6. Positions are relative to R6 GenBank accession number: NC_003098. patA  and 
patB  correspond to spr!887 and sprl885, respectively. The gene, sprl886, encodes a 
putative degenerate transposase and is predicted to be transcribed in the opposite 
direction of patA  and patB. The -35 and -10 hexamers of the patA promoter are 
represented by small boxes.
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-10 and -35 consensus sequences TATAAT and TTGACA, respectively (234). In some 

instances, pneumococcal promoters lack the -35 element and instead contain an extended 

-10 site, with the sequence TnTGnTATAAT (234). The TnTGn motif of the extended -10 

is thought to increase the efficiency of transcription under certain physiological 

conditions (212, 234). It is possible that mutations in the -10 or -35 elements of 

pneumococcal efflux gene promoters could result in pump overexpression, but this has 

not been investigated.

Preventing the Emergence of Fluoroquinolone Resistance in S. pneumoniae

Ciprofloxacin is associated with poor eradication rates for both acute exacerbations of 

chronic bronchitis and pneumonia and the development of resistance in S. pneumoniae 

(49, 157). The U.S. Food and Drug Administration mandated that the ciprofloxacin 

package insert provide a warning against its empiric use for respiratory tract infections in 

which S. pneumoniae would be a primary pathogen (243). More active anti-gram positive 

fluoroquinolones, such as moxifloxacin, gatifloxacin, and levofloxacin, are now indicated 

for the treatment of suspected pneumococcal infections (158). However, owing to limited 

experience with these agents for therapy of respiratory tract infections, little is known 

about their potential to select resistance.

There are several approaches to antibiotic prescribing that may minimize the 

development of fluoroquinolone resistance in S. pneumoniae. Most importantly, 

physicians must aim to restrict fluoroquinolone use to situations in which these agents are 

necessary. Currently, less than 1% of all pneumococcal isolates in the United States are 

resistant to levofloxacin, gatifloxacin, or moxifloxacin (237). However, there are 

concerns that if these newer fluoroquinolones are used inappropriately, widespread
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resistance will develop. The currently low prevalence of resistance is largely attributed to 

the infrequent use fluoroquinolones in children, primarily due to concerns of cartilage 

toxicity in weight-bearing joints (27). As a result, pediatric fluoroquinolone use has been 

restricted to treatment of severe infections, such as infectious exacerbations in cystic 

fibrosis patients or life threatening salmonellosis or shigellosis. Preliminary experience 

with pediatric patients indicated that the fluoroquinolones are actually safe and effective 

for the treatment of invasive infection caused by multi-drug resistant pathogens (14, 143). 

This experience stimulated interest in fluoroquinolone therapy for pediatric S. 

pneumoniae infections. However, in a recent review, Mandell et al. reported that expert 

opinion is against use of fluoroquinolones in pediatric populations on the grounds that it 

is unnecessary and would lead to rapid development of resistance (162). This is because 

children are more likely than adults to be colonized with high density populations of S. 

pneumoniae in the nasopharynx required to facilitate the selection of resistance- 

conferring mutations. In addition, children are a major reservoir for multi-drug resistant 

pneumococci (274). Therefore, the pediatric use of fluoroquinolones could dramatically 

increase the emergence and spread of fluoroquinolone resistance (162).

Fluoroquinolones can differ in their propensity to promote the development and 

spread of resistance. First step mutations can occur frequently after selection with some 

fluoroquinolones. For example, Fukuda et al. showed that parC  mutations occur in ~ 1 of 

107 pneumococci cultured in the presence of levofloxacin at twice the MIC (78). 

Therefore, in a total bacterial load of 1012 pneumococci that may be found in an infected 

lung, one could expect that ~ 105 bacteria have a first-step parC  mutation (158). Because 

first-step mutations tend to cause only modest decreases in susceptibility (4-8 fold), it is
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still possible for a highly potent agent to kill both the parental organism and its less 

susceptible single-step mutant. However, when a less potent agent is used, the first-step 

mutant may survive to acquire additional target mutations. Once an organism has 

acquired a first-step mutation, there is an increased likelihood that it will also develop a 

second-step mutation (209). Some estimates suggest that second-step mutations occur in 

~ 1 in 10s first-step mutants (151). Once a pneumococcal strain has acquired both a first- 

step and a second-step mutation, it is usually resistant to all currently available 

fluoroquinolones. Therefore, if the fluoroquinolone concentration at the site of infection 

is insufficient to kill first-step mutants, they will survive, multiply, and have the 

opportunity to develop further mutations that may render them fully resistant. Thus, 

fluoroquinolones that are highly potent are less likely to select fluoroquinolone resistant 

pneumococci.

The potential of a fluoroquinolone to select resistance can be assessed in vitro. Nagai 

et al. reported that ciprofloxacin selected spontaneous single-step mutants more 

frequently than moxifloxacin or gatifloxacin (188). Dalhoff and colleagues, who 

compared the resistance selection potential of various fluoroquinolones in vitro after 

repeated overnight exposures to subinhibitory concentrations of S. pneumoniae, reported 

that moxifloxacin and gatifloxacin had a lower propensity to select resistant mutants than 

levofloxacin (243). These reports suggest that use of moxifloxacin or gatifloxacin may 

retard the development of resistance in pneumococci more than ciprofloxacin or 

levofloxacin.

Ultimately, additional information is needed in order to understand how 

fluoroquinolone resistance develops in S. pneumoniae. This information may provide
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clinicians with better strategies for prescribing current fluoroquinolones or it may lead to 

the discovery of novel, more potent agents capable of preventing resistance development. 

Summary and Research Goals

Streptococcus pneumoniae is a leading cause of respiratory tract infections, 

meningitis, and acute otitis media. Traditionally, pneumococcal infections were treated 

with ß-lactam or macrolide antibiotics, but increasing resistance to these drugs has 

necessitated the use of alternative agents. Recently developed fluoroquinolones have 

shown efficacy as anti-pneumococcal agents. There are concerns, however, that increased 

fluoroquinolone use could select resistant strains that may eventually limit their 

usefulness.

In S. pneumoniae, the target alterations that contribute to fluoroquinolone resistance 

have been well characterized. However, the role of efflux is poorly understood. 

Furthermore, much remains to be learned about the ability of different fluoroquinolones 

to select these resistance mechanisms. Therefore, studies are needed to identify the 

succession of QRDR mutations and alterations in efflux involved in the development of 

high-level fluoroquinolone resistance.

The goal of this research was to compare the capabilities of ciprofloxacin and 

moxifloxacin to select resistance in wild-type and penicillin-resistant clinical strains of S. 

pneumoniae, and to identify the QRDR mutations leading to resistance. In addition, these 

studies aimed to evaluate the roles of several putative efflux pumps in fluoroquinolone 

resistance and correlate their expression with antibiotic susceptibility phenotypes.
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Materials and Methods 

General Methods

Bacterial Strains and Growth Conditions

Four parental strains of S. pneumoniae were used in these studies: two-penicillin- and 

fluoroquinolone-susceptible wild-type strains, R6 and CP 1000, and two penicillin- 

resistant, fluoroquinolone-susceptible clinical isolates, SP334 and SP335. All four strains 

possessed wild-type QRDRs. The strains were cultured on tryptic soy agar plates 

supplemented with 5% sheep blood (BAP) (BBL Microbiology Systems, Cockeysville, 

MD) and grown overnight in 5% CO 2 in air at 37°C.

Mutant Selection

First-step mutants with reduced susceptibility to the fluoroquinolones were selected by 

exposing parent strains to ciprofloxacin or moxifloxacin concentrations at the MIC or 

twice the MIC. A lawn inoculum of each strain was cultured onto six 150 mm x 15 mm 

blood agar plates containing 60 mL brain heart infusion agar (BHIA) (Becton Dickinson, 

Sparks, MD) supplemented with 10% sheep blood (Colorado Serum Company, Denver, 

CO). After 16 hours of incubation in 5% CO 2 in air at 37°C, the cells were harvested with 

a sterile swaw into a tube containing 10 mL brain heart infusion broth (BH1B) (Becton 

Dickinson, Sparks, MD), and spun at 3000 x g for 15 minutes using an IEC tabletop 

centrifuge (International Equipment Co., Needham, MA). The supernatant was discarded 

and the cell pellet resuspended in 3 mL sterile saline (pH 7.0-7.2, 0.85% NaCl, NERL 

Diagnostics, East Providence, RI). Next, 300 pL of the cell suspension (~ 10M CFU/rnL) 

was transferred to 2.7 mL of sterile saline in a test tube and mixed by vortexing (~ 10in 

CFU/mL). Three hundred microliters of the diluted cells were transferred into a second
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2.7 mL tube of sterile saline and mixed by vortexing (~ 109 CFU/mL). Viable counts 

were performed after plating 10-fold serial dilutions of each of the three inocula onto 

BAP to determine the precise concentration of bacteria in each inoculum. The colonies 

were counted after overnight incubation at 37°C in 5% CCb in air.

Mutant selection plates were inoculated by spreading 300 pL of the 109, 101 °, or 1011 

CFU/mL suspensions onto 75 mL antibiotic-containing BHIA plates supplemented with 

10% sheep blood. The final drug concentrations of ciprofloxacin and moxifloxacin in the 

selection plates were either IX or 2X the MIC. The inoculated plates were incubated at 

37°C in 5% CO 2 in air for 48-72 hours. After incubation, colonies growing on the plates 

were counted. Mutational frequencies were determined by dividing the number of 

suspected mutant colonies by the actual viable counts of the inocula when plated on drug- 

free media. Suspected mutant colonies were subcultured to Mueller-Hinton agar plates 

(Oxoid Basingstoke, Hampshire, England) containing 5% sheep blood and the selecting 

concentration of drug. After overnight growth, the suspected mutants were subcultured to 

drug-free BAPs, incubated overnight at 37°C in 5% CO 2 in air, harvested into a vial of 

skim milk medium (Difco, Detroit, MI), and stored at -70°C. Representative mutants 

generated after one exposure to ciprofloxacin or moxifloxacin were chosen for 

subsequent rounds of the above selection procedure to produce second- and third-step 

mutants.

Each mutant was named to indicate the parent from which it was derived and the drug 

and drug concentration with which it was selected. For example, R6/C1P/2/1 was a first- 

step mutant selected from strain R6 after exposure to 2 [ig/mL of ciprofloxacin. The drug 

concentration was always the number immediately following the drug abbreviation (CIP,
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ciprofloxacin; MXF, moxifloxacin). Some mutant names contained additional 

information indicating the selection step and/or the colony that was picked from the 

selection plate. The final digit, 1, indicates the mutant was the first colony examined. 

Some mutants were given a lettered designation, such as A, B, C, D, or E, to indicate the 

parents that subsequent mutants were selected from.

Antimicrobial Susceptibility Testing: Agar Dilution

Antibiotic susceptibility was determined by agar dilution methodology according to 

the guidelines of CLSI (190). The antimicrobials included: levofloxacin (RW Johnson 

Pharmaceutical Research Institute, Spring House, PA), norfloxacin (Sigma Chemical, St. 

Louis, MO), ciprofloxacin, moxifloxacin (Bayer, Inc., West Haven, CT), and the efflux 

substrate, ethidium bromide (Sigma Chemical, St. Louis, MO). The total amount of each 

drug in milligrams required for susceptibility testing was determined by the following 

formula:

Antibiotic Concentration (Highest Dilution) x Dilution Factor x Volume of Diluent
Potency of the Drug (p,g/mg)

Ciprofloxacin and ethidium bromide were dissolved in 10 mL H^O. Moxifloxacin and

levofloxacin were first dissolved with 200 pL 0.1 M NaOH, and then brought to 10 mL

with the addition of 9.8 mL H2O. Norfloxacin was first dissolved with 200 pL 1 M

NaOH, and then brought to 10 mL with the addition of 9.8 mL H20 .  The antibiotic

solutions were serially diluted in Mueller-Hinton broth (MHB) (Oxoid Basingstoke,

Hampshire, England) to produce doubling concentrations of each antimicrobial. One mL

from each dilution was added to a tube of 8.5 mL of molten MHA that had been placed in

a 50°C water bath. Following the addition of 500 pL sheep blood, the tube was inverted

several times to thoroughly mix the drug and blood with the agar. The tube was then
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poured into a 100 x 15 mm petri dish and allowed to solidify at room temperature. Drug- 

free control plates were also prepared, using 9.5 mL of molten agar and 500 pL sheep 

blood in the absence of antibiotic.

On the day of the experiment, colonies of each S. pneumoniae strain were harvested 

from an overnight BAP into MHB to create a cell suspension. The suspension density 

was made equivalent to 0.5 McFarland units (~ 10s CFU/mL) as measured by a VITEK 

colorimeter (bioMerieux, Inc., Hazelwood, MO). The cell suspension was diluted 1:10 

into 9 mL of saline (~ 107 CFU/mL). Five hundred microliters of the diluted culture were 

placed into the wells of a Steers-Foltz replicator (258). The antibiotic and drug-free 

(positive control) plates were inoculated with ~ 104 CFU/spot using the replicator. A 

quality control strain, S. pneumoniae ATCC 49619, was also tested to ensure that the 

concentrations and potencies of the tested agents were accurate.

The plates were incubated at 37°C in 5% CO2 in air for 24 hours before MICs were 

recorded. The MIC was recorded as the lowest concentration of drug that completely 

inhibited growth, disregarding a single colony or faint haze caused by the inoculum as 

recommended by the CLSI (189). Susceptibility to the antibiotics was determined 

according to breakpoints established by the CLSI (190).

Antibiotic Susceptibility Testing: Disk Diffusion

The susceptibilities of parental strains and suspected efflux mutants to various 

antibiotics were compared by disk diffusion methodology according to CLSI guidelines 

(190). Sixty milliliters of MHA supplemented with 5% sheep blood was poured into 150 

x 15 mm petri plates to create the test medium. Cells from an overnight BAP culture were 

harvested into MHB to create a cell suspension with a density equivalent to 0.5
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McFarland unit. A lawn culture was made over the test medium using a sterile swab. 

Sensi-disc antimicrobial susceptibility test disks (BBL Microbiology Systems, 

Cockeysville, MD) were placed on the test medium using a BBL dispenser. The quality 

control strain, S. pneumoniae ATCC 49619, was also tested to ensure satisfactory 

performance of the antibiotic susceptibility disks. The antibiotics tested were meropenem, 

imipenem, penicillin, erythromycin, chloramphenicol, trimethoprim-sulfamethoxazole, 

amikacin, gentamicin, vancomycin, tetracycline, clindamycin, and rifampin. Each plate 

was incubated at 37°C in 5% CO 2 in air for 24 hours after which the zones of inhibition 

were measured.

Molecular Techniques: DNA Isolation, Amplification, and Analysis

Preparation of Total Bacterial DNA Template

Genomic DNA was isolated with a phenol-chloroform extraction based upon the 

previously described method of Pan and Fisher (202). Pneumococci were plated at high 

density on a BAP and incubated overnight at 37°C in 5% CO 2 in air. Cells from the 

overnight culture were harvested into a 1.5 mL centrifuge tube containing 1 mL of lysis 

buffer (50 mM Tris-HCl [pH 8.0], 1 111M EDTA). The mixture was spun for 2 minutes at

16,060 x g in an accuSpin™ microcentrifuge (Fisher Scientific, Hampton, NH). After the 

supernatant was removed, the cell pellet was resuspended in 900 pL of lysis buffer. Three 

microliters of proteinase K (Invitrogen, Carlsbad, CA) at 50 mg/mL were added for a 

final concentration of 0.15 mg/mL. Addition of proteinase K during lysis helps protect 

the nucleic acid from nuclease degradation. Following the addition of 100 pL of 20% 

sodium dodecyl sulfate (SDS), the mixture was incubated for 2 hours at 37°C. After 

incubation, 500 pL of the mixture was placed into two new microcentrifuge tubes and an
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equal volume of phenol:chloroform:isoamyl alcohol (25:24:1 ratio) was added. Phenol 

denatures proteins and removes lipids (58). Similar to phenol, chloroform denatures 

proteins and removes lipids, but also helps remove residual phenol (70). Isoamyl alcohol 

helps reduce foaming and stabilizes the interface between the organic and aqueous layers 

to enhance phase separation (70). The mixture was spun for 5 minutes at 16,060 x g. A 

250 pL aliquot was removed from the aqueous phase of each tube and combined in a new 

1.5 mL centrifuge tube. One milliliter of ice cold 95% ethanol was added, and the tube 

was spun for 10 minutes at 16,060 x g. The supernatant was removed and the resulting 

DNA pellet was resuspended in 100 pL IX TE buffer, pH 8.0 (10 mM Tris, 1 mM 

EDTA). DNA samples were stored at -20°C until use.

Polymerase Chain Reaction (PCR)

PCR was used in several experiments to generate products for sequencing. A master 

mix was created using the following reagents at their final concentrations: IX PCR buffer 

(20 mM Tris-HCl [pH 8.4], 50 mM KC1), 2 mM MgCL, 0.2 mM of each dNTP, 0.5 pM 

of each primer, and 1.25 U of Platinum Taq DNA polymerase (Invitrogen, Carlsbad, 

CA). The primers used for PCR are listed in Table 1. Two microliters of genomic DNA 

were added to the mix. The reaction was adjusted to a final volume of 50 pL with sterile 

nanopure distilled HiO. Reactions were carried out in thin-walled GeneAmp reaction 

tubes (Applied Biosystems, Foster City, CA). Two drops of mineral oil (Sigma Chemical, 

St. Louis, MO) were added to each tube as an evaporation barrier. A negative PCR 

control, absent of DNA template, was included to ensure that the amplified products did 

not result from reagent contamination. Amplification reactions were performed in a
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Table 1. Primers for PCR.

Primer________ Position_______________ Sequence (5’-3’)________________ Nucleotides3 Product Sizeh
SPAQFl
SPAQRl

Forward
Reverse

GT AGCGCG AGCTCTTCCTG ATGTT 
CACTGCATCAATGGTTTCACCCAG

1097850-1097827"
1097356-1097379°

495 gyrA
gyrA

SPBQFl
SPBQRl

Forward
Reverse

CGCCTCTTCAGTGAAGCCTTCTCC
CTCGCTTCCAACCTTGACACC

716895-716918
717467-717447

573 gyrB
gyrB

SPCQFl
SPCQRl

Forward
Reverse

GACCGGGCTTTGCCAGATATTCG 
GCCGAAATCCCAGTCGAACC

752328-752350
752764-752745

437 parC
parC

SPEQFl 
SPEQ R1

Forward
Reverse

GCTTCTAACCTCATCCGCAAGG
GAGCAAGGTCTGGATATGG

751009-751030
751440-751422

432 parE
parE

SPPUF1 
SPPDR1

Forward
Reverse

CGATTGGTTTGCTGAGACTTGG
CCTCAATCTTGTCTGGATGG

865987-866008
867503-867484

1516 pmrA
pmrA

SP1183PF
SP1183PR

Forward
Reverse

GGGAT AGCCTTTCT A AATGG 
CGAATCCTGTGGAACTACTCC

1182409-1182390' 
1181950-1181970c

460
*

sprl 183 promoter 
sprl 183 promoter

SP1734PF
SP1734PR

Forward
Reverse

GCT AGCCTTTCCA A A AC AGTCC 
GGTCACATCCTTAAACTCGACC

1711231-1711210C 
1710724-1710745°

508 sprl 734 promoter 
sprl 734 promoter

SPR1887PROF
SPR1887PROR

Forward
Reverse

GTTGCCAAGATTGCTGGC
CTGCAGATAACGCGGTTGC

1866120-1866103c 
1865621-1865639°

500 sp rl887 promoter 
sp rl887 promoter

a Nucleotide position of primer from S. pneumoniae strain R6 GenBank accession no.: NC_003098 
b Size of PCR product (bp)
0 Reverse complement strand orientation in S. pneumoniae R6 GenBank sequence
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Perkin Elmer 480 DNA thermal cycler (Perkin Elmer Biosystems). Prior to DNA 

amplification, each tube was placed in the thermal cycler for 5 minutes at 95°C. This 

denaturation step allows for separation of the double stranded DNA. Following 

denaturation, amplification reactions were conducted for 25 cycles with the following 

parameters: denaturation at 95°C for 30 seconds, primer annealing at 50°C for 15 

seconds, and extension at 72°C for 2 minutes. PCR products were separated by 

electrophoresis in a 1% agarose gel (Bio-Rad, Hercules, CA) for 3 hours at 70 volts. 

Agarose gels were placed in H ?0 containing -1 0  pg/mL ethidium bromide for 20 seconds 

to stain the DNA products. After staining, the gels were destained for 30 minutes in 

distilled H2O. Bands were visualized with a DyNA light dual intensity ultraviolet 

transilluminator (Labnet, Inc., Edison, NJ).

PCR Product Purification

QRDR amplicons were purified for sequencing using Exo-SAP-IT™ (USB, 

Cleveland, OH). ExoSAP-lT™ utilizes two hydrolytic enzymes, exonuclease I and 

shrimp alkaline phosphatase, to remove excess dNTPs and residual single-stranded 

primers that may interfere with sequencing reactions. For purification, 3 pL of ExoSAP- 

lT was added to 10 pL of PCR product. Following centrifugation for 10 seconds at

16,060 x g, the reaction was incubated for 15 minutes at 37°C. The mixture was then 

heated to 80°C for 15 minutes to inactivate the enzymes.

Amplicons for all other sequencing reactions were purified using Microcon YM-50 

centrifugal filter tubes (Millipore, Billerica, MA). These devices are designed to remove 

single-stranded and double-stranded pieces of DNA less than 125 and 100 bp in length, 

respectively. Thirty-five microliters of PCR product were added to a filter that was placed
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upright in a large microcon tube. After centrifugation at 6,080 x g for 7 minutes, the filter 

was removed and placed upside down into a new microcon tube. The tube was spun for 

an additional 7 minutes at 6,080 x g. After centrifugation, the filter was removed and 10 

jliL distilled water was added prior to sequencing.

Automated Sequencing

Purified PCR products were sequenced by automated cycle-sequencing with dye- 

terminator chemistry using a 3100-Avant Genetic Analyzer (Applied Biosystems, Foster 

City, CA) as performed by the Genomics Research Core Facility at Creighton University. 

DNA Sequence Analysis

The nucleotide sequences of mutant strains were compared to the corresponding 

sequences of the parental strains using the BLAST (basic local alignment search tool) 

program bl2seq from the National Center for Biotechnology Information website: 

(http://www.ncbi.nlm.nih.gov/BLAST).

Molecular Techniques: Cloninu 

Cloning of pmrA for Sequencing Ladder

The pmrA gene of S. pneumoniae was amplified by PCR using the primers SPPUF1 

and SPPDR1 (Table 1) and cloned into the pCR®-XL-TOPO® vector (Invitrogen, 

Carlsbad, CA) (Figure 6). Prior to cloning, the PCR product was purified from an agarose 

gel using the S.N.A.P.™ Gel Purification Kit (Invitrogen, Carlsbad, CA). The PCR 

product corresponding to pmrA was excised from the agarose gel using a razor blade and 

placed into a 1.5 mL microcentrifuge tube. Two and a half volumes of 6.6 M sodium 

iodide were added and the tube was mixed by shaking. The mixture was incubated at
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Figure 6. Plasmid map of pCR®-XL-TOPO® (Invitrogen, Carlsbad, CA). The PCR 
product corresponding to pmrA  amplified by PCR and cloned into the XL-TOPO vector. 
The plasmid includes the ccdB gene which encodes a cytotoxin for positive selection. A 
kanamycin resistance gene is present on the vector for cloning purposes.
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M13 Reverse pcmr>g >»e I1I
2 0 1  CACACAGGAA ACAGCTATGA C:ATGATTAC GCCAAGCTAT TTAGGTGACG CGTTAGAATA 

GTG1GTCCTT TGTCGATACT G 3TACTAATG CGGTTCGATA AATCCACTGC GCAATCTTAT
E c tM U

Kpn I I S »c I B ~ rH  I Sp* I
I I I I _____ I

Nm I Hand II
I I  . . . .

2 6 1  CTCAAGCTAT GCATCAAGCT TGGTACCGAG CTCGGATCCA CTAGTAACGG CCGCCAGTGT 
GAGTTCGATA CGTAGTTCGA ACCATGGCTC GAGCCTAGGT GATCATTGCC GGCGGTCACA

Fco« I

3 2 1  GCTGC-AATTC Z C Z  CTTl
d

Hat II

XL PCR Product
f c o « i p h i  e««vI I I

G GGC GAATTCT GCAGATA 
TC CCG CTTAAGA CGTCTATm

WiolI NWI *twlI I III V*lI T7 promoter/prming site

3 5 7  TCCATCACAC TGGCGGCCGC TCGAGCATGC ATCTAGAGGG CCCAATTCG Z CCTATAGTGA 
AGGTAGTGTG ACCGCCGGCC- AGCTCGTACG TAGATCTCCC GGGTTAAGC j  GGATATCACT

Ml 3 Forward (-20) prm ng sue

4 1 7  GTCGTATIAC AATTCACTGC- CCGTC3TTTT ACkACGTCGT GACTGGGAAA ACCCTGGCGT 4 7 0  
CAGCATAflTG TTAAGTg A C C  GGCAGCAAAA TGjTTGCAGCA CTGACCCTTT TGGGACCGCA^

Comments for pCRi -XL-TOPO! 
3519 nucleotides
Lac promoter/operator region bases 95-216 
M13 Reverse priming site bases 205-221 
Lac 2a ORF bases 217-576 
Multiple Cloning Site bases 248-399 TOPO® Cloning site: bases 336-337 
T7 promoter priming site bases 406-425 
M13 Forward (-20) primina site bases 433-448 
Fusion joint bases 577-5Ö5 ccdB lethal gene ORF bases 586-888 
Kanamyc in resistance ORF bases 1237-2031 
Zeocin resistance ORF bases 2238-2612 pUC origin bases 2680-3393



42°C until the agarose was melted. One and half volumes of binding buffer (7 M 

guanidinium HC1) were added and mixed by pipetting. The mixture was loaded onto a 

S.N.A.P.™ purification column and spun at 2500 x g for 30 seconds at room temperature 

in an accuSpin™ microcentrifuge (Fisher Scientific, Hampton, NH). The liquid in 

collection vial was poured back onto the column and spun again as described above. This 

step was repeated a third time. Four hundred pL of IX Final Wash (100 mM NaCl, 75% 

ethanol) was added to the column and spun as described above. The step was repeated 

and the liquid in the collection vial was discarded. The column was spun at 16,060 x g for 

1 minute and the collection vial was discarded. The column was transferred to a new 1.5 

mL microcentrifuge tube and 40 pL IX TE was added and allowed to incubate 1 minute 

at room temperature. The column was spun at 16,060 x g for I minute to elute the DNA. 

The tube containing the DNA was then placed on ice until the cloning reaction was 

performed.

Cloning reactions were prepared by adding 4 pL of the purified PCR product to 1 pL 

of the pCR®-XL-TOPO® vector in a 1.5 microcentrifuge tube. The reaction was mixed 

gently and incubated at room temperature (~ 23°C) for 5 minutes. Following incubation, 

1 pL of 6X TOPO® Cloning Stop Solution (0.3 M NaCl, 0.06 M MgCL) was added. 

After the reaction was mixed for several seconds at room temperature, the tube was 

placed on ice. Three pL of the reaction was added to a vial of One Shot® TOP 10 

chemically competent cells (Invitrogen, Carlsbad, CA) for transformation. The mixture 

was gently stirred with the pipette tip. The reaction was incubated on ice for 30 minutes. 

The TOP 10 cells were heat-shocked at 42°C for 30 seconds and immediately transferred 

to ice. After 2 minutes of incubation, 250 pL of SOC medium (2% tryptone, 0.5% yeast
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extract, 10 mM NaCl, 2.5 mM KC1, 10 mM M gC^, 10 mM MgS0 4 , 20 mM glucose) was 

added. The mixture was incubated at 37°C for 1 hour with shaking at 225 rpm. After 

incubation, the tube was placed on ice. Seventy-five pL of the reaction was spread onto 

MHA plates containing 50 pg/mL of kanamycin and incubated overnight at 37°C.

The plasmid was isolated from suspected clones using a modified alkaline lysis 

method (239). The suspected clone colony was inoculated into 5 mL of Luria-Bertani 

(LB) broth (Difco, Detroit, MI) containing 25 pg/mL kanamycin. The culture was 

incubated at 37°C with shaking at 150 rpm for 18 hours. After incubation, 1.5 mL of the 

culture added to a microcentrifuge tube and spun for 16,060 x g for 5 minutes. The 

supernatant was discarded and the cells were resuspended in 100 pL of GTE (50 mM 

glucose, 25 mM Tris-HCl [pH 8.0), 10 mM EDTA). After 5 minutes of incubation at 

room temperature, 200 pL of lysis buffer (0.2 N NaOH, 1% SDS) was added. The 

solution was mixed by inversion and incubated on ice for 5 minutes. Next, 150 pL of 5 M 

KoAc (pH 4.8) was added. The tube was inverted five times and incubated on ice for 5 

minutes. The mixture was spun for 5 minutes at 16,060 x g. The supernatant was 

collected and placed into a new 1.5 mL microcentrifuge tube. An equal volume of 

phenol:chloroform:isoamyl alcohol (25:24:1 ratio) was added. After vigorous shaking for 

30 seconds, the mixture was spun at 16,060 x g for 2 minutes. The aqueous phase 

containing the plasmid DNA was collected and placed into a new 1.5 mL microcentrifuge 

tube. The plasmid DNA was precipitated with 95% ethanol for 10 minutes at room 

temperature. The DNA was pelleted by centrifugation at 16,060 x g for 15 minutes. After 

the pellet was washed with 70% ethanol, it was allowed to air dry for 10 minutes at room 

temperature. The pellet was resuspended in 50 pL of IX TE (10 mM Tris-HCl, 1 mM
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EDTA, pH 8.0) containing RNase A (40 pg/mL) and incubated for 20 minutes at 37°C. 

Ten pL of the plasmid DNA was subjected to agarose gel electrophoresis for 6 hours at 

50 V in a 1% agarose gel. The expected size of the plasmid (5.0 kb) was confirmed by 

comparison to a supercoiled ladder (Invitrogen, Carlsbad, CA) in an adjacent lane. 

Molecular Techniques: RNA Isolation, Purification, and Analysis 

RNA Isolation

Because molecules of RNA are susceptible to degradation by ribonuclease (RNase) 

enzymes, precautions were taken when handling RNA samples and reagents. Human 

hands are a common source of RNases. Therefore, gloves were worn at all times. 

Furthermore, isolation of RNA was performed on a laboratory bench specifically 

designed for RNA work. This bench, including all pipettes, glassware, and centrifuges, 

was cleaned with RNaseZap (Sigma Chemical, St. Louis, MO) prior to RNA experiments 

to eliminate contaminating RNases. In addition, all solutions used to isolate RNA were 

made using diethylpyrocarbonate (DEPC)-treated water. DEPC (Sigma Chemical, St. 

Louis, MO) is an alkylating agent that destroys the enzymatic activity of an RNase by 

ethoxyformylation of histidyl groups within the active site (235).

Total RNA was isolated using an acid-phenol protocol based upon the previously 

described method of Ogunniyi and colleagues (200). Colonies of S. pneumoniae from 

overnight BAPs were harvested into 6 mL of Todd-Hewitt broth (THB) (Difco, Detroit, 

MI) supplemented with 0.5% yeast extract (Oxoid Basingstoke, Hampshire, England). 

One hundred milliliters of THB in a conical flask were inoculated with the cell 

suspension until an optical density at 600 nm (OD6oo) of ~ 0.1 was reached. Optical 

density readings were measured with a Beckman DU-6 spectrophotometer (Beckman
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Coulter, Fullerton, CA). The culture was incubated without shaking at 37°C in 5% CO 2 in 

air to an OD600 of  0.5. At this time, 1.5 mL of the culture was removed from the conical 

flask, placed into a 1.5 mL microcentrifuge tube, and spun for 5 minutes at 16,060 x g at 

4°C in a refrigerated accuSpin™ microcentrifuge (Fisher Scientific, Hampton, NH). The 

supernatant was removed and an additional 1.5 mL of culture was removed from the 

conical flask and placed into the tube. After centrifugation for 5 minutes at 16,060 x g at 

4°C, the supernatant was removed and 600 pL of acidic phenol (pH 4.2) (Fisher 

Scientific, Hampton, NH) pre-warmed to 65°C was added. Acidic phenol is used to 

separate RNA from DNA and protein. At the acidic pH, DNA and protein will be 

denatured and move into the organic phase while RNA remains in aqueous phase (70). 

After 5 minutes of incubation at 65°C, 600 pL of pre-warmed NAES buffer (50 mM 

NaOAc [pH 5.11, 1% SDS, 10 mM EDTA) was added. The mixture was incubated for 5 

minutes at 65°C and placed on ice for 2 minutes. The sample was spun for 3 minutes at

16,060 x g at 4°C and allowed to sit at room temperature for 5 minutes. The RNA- 

containing aqueous layer was removed and an equal volume of acidic phenol was added. 

After the sample was spun for 10 minutes at 16,060 x g at 4°C, extraction with acidic 

phenol was repeated. Next, an equal volume of chloroform was added and the sample 

was spun for 8 minutes at 16,060 x g at 4°C. The chloroform extraction was repeated and 

the remaining aqueous phase (~ 200 pL) was placed into a new 1.5 mL microcentrifuge 

tube. RNA was precipitated overnight at -20°C after the addition of sodium acetate (pH 

5.2) at a final concentration of 0.3 M and 2.5 volumes of 100% ethanol. Sodium acetate 

helps neutralize the negatively charged phosphate backbone to prevent repulsive forces 

while ethanol dehydrates the nucleic acid surface to facilitate precipitation out of solution
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(58). The sample was spun at 6,080 x g for 10 minutes at 4°C to pellet the precipitated 

RNA. The RNA pellet was washed once with 500 pL of 70% ethanol to remove any 

residual salts. After centrifugation at 2,380 x g for 5 minutes at 4°C, the ethanol wash 

was removed and the pellet was resuspended in 50 pL IX TE buffer, pH 8.0. Samples 

were stored at -80°C until use.

RNA Concentration, Purity, and Integrity

The concentration of RNA was determined by measuring the absorbance of UV light 

at 260 nm (A26o) using a GeneQuant Pro (Amersham Biosciences, Piscataway, NJ). Five 

microliters of RNA were added to 95 pL of IX TE (1:20 dilution). The sample was added 

to an Eppendorf Uvette® (Eppendorf, AG, Hamburg, Germany), a plastic disposable 

cuvette which is used in the GeneQuant Pro with an adapter for measurements in the 

range of 220 nm to 1,600 nm. A standard pathlength of 10 mm was used as suggested by 

the manufacturer of the spectrophotometer. The following formula was used to calculate 

RNA concentration (70):

A 260 x Dilution Factor x 40 (extinction coefficient) / 1000 = [RNA in pg/pL]

The purity and integrity of RNA samples are important factors for successful gene 

expression assays. Purity of the nucleic acid template is particularly important for real

time RT-PCR, since contaminants can interfere with fluorescence detection (223). In 

addition, impurities such as proteins, phenols, salts, and other chemical solvents may 

disrupt the multiple rounds of enzymatic reactions involved in PCR (223). The purity of 

an RNA sample was estimated by calculating the ratios of UV light absorbance at 230, 

260, and 280 nm. Proteins absorb UV light at 280 nm. An A260/A 280 ratio of 2.0 ± 0.15 

was considered relatively pure, and free of substantial protein contamination (70).
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Carbohydrates, phenols, and aromatic compounds absorb light at 230 nm. If the A 260/A 230 

ratio was 1.8-2.2, the quality of the nucleic acid was deemed adequate. The assessment of 

RNA integrity is a critical step in obtaining accurate gene expression data. The RNA 

integrity of each sample was confirmed by adding 1 pg of total RNA to 2 pL of an RNA 

loading dye (50% glycerol, 0.4% bromophenol blue, 1 mM EDTA [pH 8.0]). The mixture 

was loaded onto a 1% agarose gel and separated for 1 hour at 60 volts. The nucleic acid 

was visualized after staining with ethidium bromide and destaining with distilled H2O as 

described above. The presence of intact RNA was indicated when an approximately 2:1 

ratio existed between the RNA bands, corresponding to the 23S and 16S ribosomal RNA 

molecules, respectively. In degraded RNA samples, the ratio is much lower and intense 

smears are visible.

RNA Purification

Prior to use in RT-PCR experiments, RNA samples were treated with RNase-free 

deoxyribonuclease I (DNasel) (Promega, Madison, WI) to remove contaminating DNA. 

DNasel nonspecifically cleaves both single- and double-stranded DNA to produce 5 ’- 

phosphate-terminated di-, tri-, and oligonucleotides with 3 ’-hydroxyl ends (273). This 

enzyme requires the divalent cations Mg2+ and Ca2+ for activity, and preferentially targets 

DNA over RNA because of helix parameters, including the geometry of the minor groove 

(36).

DNase treatment of RNA samples was performed by adding 3 pL of 10X reaction 

buffer (400 mM Tris-HCl [pH 8.0], 100 mM M g S 0 4, 10 mM CaCl2) and 7.5 pL of 

DNase (1.875 U/pg of RNA) to 4 pg of total RNA in a 1.5 mL microcentrifuge tube. The 

reaction was mixed and incubated at 37°C for 90 minutes. Following incubation, 2 pL of
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stop solution (20 mM EGTA, pH 8.0) was added and allowed to incubate at room 

temperature for 5 minutes. EGTA (ethylene glycol-bis[beta-aminoethyl ether]- 

N,N,N’,N’-tetraacetic acid) chelates the divalent cations necessary for DNasel activity 

and thus terminates the reaction. The mixture was brought to a final volume of 200 pL 

with the addition of IX TE. Following the addition of an equal volume of acidic 

phenol:chloroform:isoamyl alcohol (25:24:1), the sample was spun at 16,060 x g for 15 

minutes at 4°C in a refrigerated accuSpin™ microcentrifuge (Fisher Scientific, Hampton, 

NH). The aqueous layer (~ 180 pL) was transferred to a new, pre-cooled, 1.5 mL 

microcentrifuge tube. Twenty microliters of 3 M sodium acetate (pH 5.2) and 2.5 

volumes of 100% ethanol were added. The mixture was stored at -80°C for 24-48 hours. 

After precipitation, the DNase-treated RNA was pelleted by centrifugation at 16,060 x g 

for 15 minutes at 4°C, washed with 75% ethanol, and resuspended in 35 pL of IX TE. 

The concentration of RNA was determined by spectrophotometry as described above. 

RNA samples were stored at -80°C until use.

Oligonucleotide 5 ’ End-Labeling for Primer Extension

Primer extension was performed in an attempt to map the start site of transcription for 

pmrA in the wild-type strain R6 . The primers to be used for primer extension were diluted 

in DEPC-H2O to a final concentration of 0.1 pg/pL before the end-labeling reaction. Two 

primers were used in separate extension reactions: SP0875PE, which anneals to a region 

95 bp downstream of the putative start site, and SP0875PE2, which anneals to a region 

288 bp downstream of the putative start site (primer sequences in Table 2). Prior to the 

labeling reaction, the primers were boiled in a water bath for 3 minutes and placed on ice. 

A 25 pL kinase mixture was prepared and consisted of 12.5 pL DEPC-H 2O, 2.5 pL 10 X
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T4 polynucleotide kinase buffer (700 mM Tris-HCl, 100 mM M gC^, 50 mM 

dithiothreitol (DTT), |pH 7.6]), 1 pL diluted primer, 1 pL T4 polynucleotide kinase (10 

U) (New England Biolabs, Beverly, MA), and 8 pL (80 pCi of 3000 Ci/mmol) [y-32P]- 

dATP. The kinase mixture was incubated at 37°C for 30 minutes followed by incubation 

at 65°C for 20 minutes to deactivate the T4 polynucleotide kinase. Twenty-five pL of 4 

M ammonium acetate (NH4OAC) and 250 pL 100% ethanol was added. The reaction was 

allowed to precipitate on a dry ice/ethanol slurry for 30 minutes. The mixture was spun 

for 15 min at 13500 x g in a Hermle Labnet Z 233 M tabletop centrifuge. The supernatant 

was discarded and the pellet was resuspended in 100 pL of DEPC-H2O. One pL of 

radiolabeled primer was added to 5 mL of scintillation fluid. The radioactivity of the 

primer in counts per minute (CPM)/pL was determined using a 100 second Cernekov 

counting program on a scintillation counter.

Primer Extension

The primer extension reaction was prepared by adding 2 pL of 5X annealing buffer 

(0.75 M KC1, 0.25 M Tris-HCl, pH 8.3), 1 x 105 CPM of 32P-5’-end-labeled primer, and 2 

pL of DEPC-H2O to 5 pL of total RNA (10 pg/pL) from R6 . The mixture was incubated 

at 95°C for 1 minute to denature RNA secondary structure. The reaction was then 

incubated at 50°C for 30 minutes and cooled in a heat block at 37° to allow primer 

annealing. The extension mixture (4 pL of 4 mM dNTPs, 5 pL Moloney murine leukemia 

virus reverse transcriptase (MuLV-RT) buffer (250 mM Tris-HCl [pH 8.3], 375 mM KC1, 

15 mM MgCL, 50 mM DTT), 1 pL RNasin (New England Biolabs, Beverly, MA), and 

15 pL DEPC) was added to the annealing reaction mixture. One hundred units of MuLV- 

RT (Perkin-Elmer, Norwalk, CT) was added and the mixture was incubated at 42°C for
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30 minutes. Following incubation, 1 pL of 1 mg/mL RNase A was added and allowed to 

incubate with the mixture for 15 minutes at 37°C to remove unannealed RNA after the 

synthesis of radiolabeled cDNA. To purify the extended product, an equal volume of 

phenol:chloroform:isoamyl alcohol 25:24:1 was added and mixed vigorously for 30 

seconds followed by centrifugation at 13,500 x g for 15 minutes. The aqueous phase was 

transferred to a new 1.5 mL microcentrifuge tube. The extension product was precipitated 

on a dry ice/ethanol slurry for 20 minutes after the addition of NaOAc (final 

concentration 0.3 M) and 2 volumes of 100% ethanol. The extension product was 

collected by centrifugation at 13,500 x g for 15 minutes. After washing with 70% 

ethanol, the pellet was air dried for 10 minutes and resuspended in 4 pL of loading buffer 

(10 mM EDTA [pH 8.0], 1 mg/mL bromophenol blue, 1 mg/mL xylene cyanol, 100% 

deionized formamide). The mixture was heated for 5 minutes at 95°C and incubated on 

ice until loading. The extension product was separated by polyacrylamide gel 

electrophoresis at 1500 V for 3 hours on an 8 M urea, 8 % polyacrylamide gel. A 

sequencing ladder was run in parallel with the extension product. Sequencing ladders 

were generated using the Exo’ Pfu DNA cycle sequencing kit (Stratagene, LaJolla, CA). 

For the sequencing reactions, the same primer utilized for the extension reaction was used 

to generate the ladder. The template DNA used for the sequencing reaction was the 

vector (pCR®-TOPO-XL®) containing pmrA  (as described above). The extended 

product and sequencing ladder was exposed to a storage phosphor for 2 days (Eastman 

Kodak Co., Rochester, NY). To visualize the extension product, the image was scanned 

using a Storm gel and blot imaging system and analyzed using the ImageQuant software 

(Molecular Dynamics Inc., Sunny, CA).
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RT-PCR to Detect Co-Transcription o f Adjacent Genes 

Reverse Transcription (RT)-PCR is a sensitive technique that can be used to detect 

and/or quantify mRNA transcripts. This method couples the reverse transcription of  

mRNA with the amplification of the subsequent cDNA by PCR. Standard RT-PCR 

experiments are conducted using an arbitrary number of cycles, typically 35-40, during 

amplification. Because standard RT-PCR experiments do not contain internal controls, 

they can only provide qualitative information about the presence of a transcript.

In these studies, RT-PCR was used to determine if three adjacent genes in the 

pcitA/patB loci are transcribed together on a single mRNA transcript. In addition, RT- 

PCR was used to determine the 5 ’ end of the pmrA transcript. RT-PCR was performed 

with the Qiagen OneStep RT-PCR kit (Qiagen, Inc., Valencia, CA). The kit contains a 

blend of three enzymes: a pair of reverse transcriptases. Omniscript™ and Sensiscript™, 

for reverse transcription and a HotStarTaq™ DNA polymerase for PCR amplification. 

While Omniscript™ is designed for reverse transcription of RNA amounts greater than 

50 ng, Sensiscript™ is optimized for use with scarce amounts of RNA (< 50 ng). The 

HotStarTaq™ DNA polymerase is activated only after being heated to 95°C. Thus, it 

remains inactive during the reverse transcription step. In addition, when the mixture is 

heated to 95°C, the reverse transcription enzymes are inactivated by denaturation while 

the DNA polymerase is activated simultaneously.

For experiments with pat A/pat B , an RT-PCR reaction was created using the following 

reagents at their final concentrations: IX Qiagen OneStep RT-PCR buffer (5X buffer 

contains Tris-Cl, KC1, (NH4)2S 0 4, 12.5 mM MgCF, pH 8.7), dNTP mix (400 pM of each 

dNTP), 0.6 pM of the forward and reverse primer, and 2 pL of enzyme. A forward



primer, 8587SEMIF, located 228 bp upstream of the 3 ’ end of patA  and a reverse primer, 

8587SEM1R, located 264 bp downstream of the 5 ’ region of patB  were used to determine 

if patA  and patB  are transcribed together on a single transcript. The sequences of these 

primers are listed in Table 2. The mixture was placed into a thin-walled GeneAmp 

reaction tube and 250 ng of DNase-treated RNA was added. A final reaction volume of 

50 pL was achieved with the addition of RNase-free HiO. Two drops of mineral oil were 

added. RT-PCR was performed in a Perkin Elmer 480 DNA thermal cycler (Perkin Elmer 

Biosystems). Reverse transcription was conducted for 40 minutes at 50°C. The reaction 

was then heated to 95°C for 15 minutes to inactivate the reverse transcriptases and 

activate the HotStarTaq™ DNA polymerase. PCR was conducted for 17 cycles with the 

following cycling conditions: 94°C for 30 seconds, 55°C for 30 seconds, and 72°C for 2 

minutes. Seventeen amplification cycles were chosen based upon the threshold cycle 

provided by the results of previous real-time RT-PCR experiments (described below). 

PCR in the absence of reverse transcription was performed to ensure the removal of 

contaminating DNA. The RT-PCR products were separated by electrophoresis in a 1% 

agarose gel for 3 hours at 70 volts. The nucleic acid was visualized after staining with 

ethidium bromide and destaining with distilled FTO as described above.

For experiments with pmrA, RT-PCR reactions were performed using similar 

parameters to those described above. However, these experiments were performed using 

25 cycles for amplification. A combination of forward primers and reverse primers that 

anneal in and around the putative pmrA open reading frame were used to map the 

location of the pmrA start site in the wild-type strain R6  (Figure 7). The sequences of
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Table 2. Primers for Primer Extension, RT-PCR, or Semi-Quantitative RT-PCR.
Primer_________ Position_________________Sequence (5’-3*)________________ Nucleotides“ ______ Target Gene

8587SEMIF Forward GATTCGACCTCAGCCTTGG 1864258-1864240d patA/patB  loci
8587SEMIR Reverse GCCAAGATTGACCATGATTCC 1863026-186304611 patA/patB  loci
SP0875PEe Reverse CTGGCTCCTGTCAGAAAATTACC 866278-866256 pmrA loci

SP0875PE2e Reverse GGCCAAGCCTCCCATAGTGATAGTC 866495-866471 pmrA  loci
SP0875X Forward GACAGAGATTAACTGGAAGG 866213-866232 pmrA loci

PW0875UP1 Forward GGCAATCAGAACCAGCTTC 866153-866171 pmrA  loci
PW0875UP2 Forward CCAGTTGTCCAAAGATGAAGC 866059-866079 pmrA  loci
SP0875UP3 Forward GCTCTAGTACAGCACTTTGG 865763-865782 pmrA  loci
SP0875UP4 Forward CCACCATTCGGACTTATACC 865447-865466 pmrA  loci

SP0875UP4A Forward CC ATCTCCT AG ACC AG ACC 865271-865289 pmrA  loci
SP0875UP4B Forward GGCACGCTTGTTT ATGAGG 865098-865116 pmrA loci
SP0875UP4C Forward GTCA ATGGGACGTCGTGG 864947-864964 pmrA  loci
SP0875UP4D Forward GCT AGATTTGGCTGACTTTGG 864704-864724 pmrA loci
SP0875UP5 Forward GGATTATCATCGGTAAAGGTGG 864568-864589 pmrA  loci
SP0875UP6 Forward CGGCT ATGATCACTATACTCC 863364-863384 pmrA  loci
SP0875UP7 Forward GCATGGCTTGGTTTCTTG 862154-862171 pmrA loci
SP0875UP8 Forward GGTGCAACCAAGTGGATTAAGG 860972-860993 pmrA  loci
UP REV 2 Reverse CCACCTTTACCGATGATAATCC 864589-864568 pmrA loci
UP REV 3 Reverse GGAGTATAGTGATCATAGCCG 863384-863364 pmrA loci
UP REV 4 Reverse CAAGAAACCAAGCCATGC 862171-862154 pmrA  loci

SP0875RTF Forward GGCTCTGCCTTAGGTACTTTG 866610-866630 pmrA loci
DOWN REV 1 Reverse CCTGTCAAACGCTGCATTACAG 867771-867750 pmrA  loci
SPPMRRTFh Forward GGCTCTGCCTTAGGTACTTTG 866610-866630 pmrA
SPPMRRTRh Reverse GGCAACACAAAGGCTTGTCGC 867350-867330 pmrA

SP16SFb Forward GGTGAGTAACGCGTAGGTAA 15258-15277 16S rRNAc
SP16SR'1 Reverse ACGATCCGAAAACCTTCTTC 15583-15564 16S rRNAc

a Nucleotide position of primer from S. pneumoniae strain R6 GenBank accession no.: NC_003098 
b Primers used for semi-quantitative RT-PCR of pmrA
c Four copies of the 16S rRNA gene exist in the genome of S. pneumoniae strain R6 
d Reverse complement strand orientation in S. pneumoniae R6 GenBank sequence 
e Primers used in primer extension experiments
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Figure 7. Locations of the primers used to map the start site of pmrA. Primer annealing 
locations are indicated by the small black arrows. The primers correspond to those listed 
in Table 2 and are as follows: (R) SP0875PE2, (1) SP0875X, (2) PW0875UP1, (3) 
PW0875UP2, (4) SP0875UP3, (5) SP0875UP4, (6 ) SP0875UP4A, (7) SP0875UP4B, (8 ) 
SP0875UP4C, (9) SP0875UP4D, (10) SP0875UP5, (11) SP0875REV2, (12) SP0875UP6, 
(13) SP0875REV3, (14) SP0875UP7, (15) SP0875REV4, (16) SP0875UP8, (17) 
SP0875RTF, and (18) DOWN REV 1. Each open reading frame (ORF) is indicated by a 
large gray arrow. The position of the ORFs in the S. pneumoniae R6 genome is indicated 
by the sequence numbers at the bottom (861100-867700). The assigned functions from 
the S. pneumoniae R6  genome accession no. (NC_003098) are as follows: flpA, 
fibronectin-binding protein-like protein A; 0869, hypothetical protein; dgkA, 
diacylglycerol kinase; era, GTP-binding protein; mutM, formamidopyrimidine-DNA 
glycosylase; coaE, dephospho-CoA kinase; 0874, hypothetical protein; pmrA, major 
facilitator superfamily multi-drug resistance efflux pump; secG, translocase.
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these primers are listed in Table 2. PCR in the absence of reverse transcription was 

performed to ensure the removal of contaminating DNA.

Semi-Quantitative RT-PCR

For quantitative gene expression data, it is necessary to alter the RT-PCR parameters 

and include the appropriate normalization controls. Semi-quantitative RT-PCR 

experiments are performed using a pre-determined threshold cycle number that is 

dependent upon the abundance of the target transcript (18). The threshold cycle 

corresponds to the minimum number of amplification cycles necessary to adequately 

visualize an amplicon on an agarose gel (82). The suitable threshold cycle is determined 

using a linearity curve that establishes a range of amplification cycles using known 

concentrations of RNA template (82). In addition, semi-quantitative RT-PCR 

experiments require the measurement of the expression of a constitutively expressed 

endogenous control gene, such as rRNA. The amount of endogenous control in each 

sample serves to normalize the expression data of the target gene (82).

Semi-quantitative RT-PCR was performed with the Qiagen OneStep kit to evaluate 

the expression of pmrA in the parental strains and nine suspected efflux mutants. An RT- 

PCR master mix was created using the following reagents at their final concentrations: 

IX Qiagen OneStep RT-PCR buffer (5X buffer contains Tris-Cl, KC1, (NH4)2S 0 4, 12.5 

mM MgCl?, pH 8.7), dNTP mix (400 pM of each dNTP), 0.6 pM of the forward and 

reverse primer, and 2 pL of enzyme mix per reaction. The primers used for semi- 

quantitative RT-PCR of pmrA are listed in Table 2. Reaction preparation, reverse 

transcription, and HotStarTaq™ activation were performed as described above. PCR was 

conducted for 19 cycles based upon the results of a linearity curve with the following
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cycling conditions: 94°C for 30 seconds, 55°C for 30 seconds, and 72°C for 2 minutes. 

RT-PCR was also conducted using internal primers (Table 2) for the S. pneumoniae 16S 

rRNA to generate endogenous controls needed to normalization expression levels. Ten 

microliters of each RT-PCR product were separated by electrophoresis in a 1% agarose 

gel for 3 hours at 70 volts. The nucleic acid was visualized after staining with ethidium 

bromide and destaining with distilled HbO as described above. The intensity of each band 

corresponding to an RT-PCR product was measured by densitometry using the Kodak 

Electrophoresis and Documentation Analysis System (EDAS) 290 and Kodak ID Image 

Analysis Software.

Real Time RT-PCR

The expression of 12 putative efflux genes within S. pneumoniae was examined using 

Real Time RT-PCR. The procedural steps used in Real Time RT-PCR and semi- 

quantitative RT-PCR are very similar. However, they differ in their method of amplicon 

detection. While semi-quantitative RT-PCR products are visualized with ethidium 

bromide on agarose gels. Real Time RT-PCR can utilize a DNA binding fluorescent dye, 

such as SYBR green, which is present during the reaction. During the PCR steps, the dye 

binds newly made copies of double-stranded DNA and emits a fluorescent signal (280). 

SYBR green does not fluoresce in the absence of double-stranded DNA. Therefore, the 

signal will disappear at the beginning of each cycle because the double-stranded DNA is 

denatured to single-stranded DNA to begin a new round of PCR. Thus, measurement of 

fluorescence intensity by a detection system occurs after the elongation step of each cycle 

is completed. This property allows a researcher to monitor the increasing amounts of RT- 

PCR product in “real time” and eliminates the need for linearity curves (280).
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As the amplification reactions progress, more amplicons are created. Since the dye 

binds double-stranded DNA, the result is an increase in fluorescence intensity that is 

proportionate to the amount of PCR product present (280). Furthermore, the number of 

cycles required to produce a fluorescent signal above a baseline level is inversely 

proportionate to the amount of target mRNA in the reaction. Therefore, fewer PCR cycles 

will be needed to achieve a signal above baseline in a sample with a high starting copy 

number. During PCR amplification, the sequence detector generates a sigmoidal curve 

that plots the cycle number against fluorescence (Figure 8 ). The most important 

parameter for quantitation is the threshold cycle (CT) value. This value is the cycle at 

which a statistically significant increase in fluorescence signal above background is 

detected. As will be discussed below, a comparison of C r values between two samples 

provides the basis for determining differences in gene expression. Real Time RT-PCR 

was performed using the Qiagen QuantiTect® SYBR® Green RT-PCR kit. This kit uses 

the same mixture of OmniScript™, SensiScript™, and HotStarTaq™ enzymes as 

described in the Qiagen OneStep RT-PCR kit. A master mix was prepared with the 

following reagents: IX QuantTect SYBR Green Solution, gene specific internal primers 

(0.6 (.iM of each primer), and 0.5 (J.L of QuantiTect RT Mix per reaction. The 2X 

QuantTect SYBR Green solution consists of RT-PCR Buffer (Tris-Cl, KC1, [NH4]2S 0 4, 5 

mM MgCl2, [pH 8.7]), dNTP mix (concentration of each dNTP not provided), fluorescent 

dyes (SYBR Green and ROX), and HotStarTaq™ DNA polymerase. The QuantiTect RT 

Mix consists of the OmniScript™ and SensiScript™ reverse transcriptases. The primers 

used in Real Time RT-PCR are listed in Table 3. After the mix was distributed to 

individual tubes, 150 ng of DNase-treated RNA was added. Each reaction was brought to
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Figure 8. Real Time RT-PCR amplification plot of fluorescence against cycle number. 
The amplification plot shows the increase in fluorescence of two samples, A (black) and 
B (red). The baseline is the background noise level where there is no detectable increase 
in fluorescence during amplification. The plateau phase is the point at which no increases 
in fluorescence are detected after the linear phase. The threshold is indicated by the blue 
horizontal line. After amplification, the threshold is adjusted to a value above the 
baseline, but below the plateau phase. The threshold must be located in the linear range 
of amplification. The threshold cycle (Cj) is the cycle at which the sigmoidal 
amplification plot crosses the threshold line. The C t  serves as a tool for calculation of the 
starting template in each sample. In the plot depicted in Figure 8 , the C t  for sample A 
(CtA) is ~ 2 1, and the CT for sample B (CtB) is ~ 3 1.
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Table 3. Primers for Real Time RT-PCR.

Primer________ Position_______________ Sequence (5’-3’)________________ Nucleotides8_____ Product Sizeh_____ Target Gene
SPR0137RTF Forward GATGTGTTAGCGTCCTTGAATC 145359-145380 130 spr0137
SPR0137RTR Reverse GAAAGAAGCTAATAGCGCC 145488-145470 spr0137
SPR0610RTF Forward ATCAACAAACCCGCTGTACTC 622568-622588 123 spr0610
SPR0610RTR Reverse CGTT AGA AAA ATCGTTGTCCC 622690-622670 spr0610
SPR0875RTF Forward GAAAACCCATGATGATTCGG 866437-866456 123 pmrA
SPR0875RTR Reverse CAAAACCTGCAAATACACCG 866559-866540 pmrA
SPR0880RTF Forward GCAAAGCATTGTGGAGCAG 871204-871222 125 spr0880
SPR0880RTR Reverse CCGCTTGT AGAAAC ATGAG A AC 871328-871307 spr0880
SPR1052RTF Forward T AGCGTC ATTCGTTCCTTGC 1048335-1048316e 119 spr1052
SPR1052RTR Reverse CAAAGGCACCGTAAATCAAG 1048217-1048236e sprl052
SPR1183RTF Forward GCACGAAGTTACTTCACAAAAG 1181908-1181887e 150 sprl 183
SPR1183RTR Reverse GCCAGTGCTATCCGTTGTC 1181759-1181777e sprl 183
SPR1203RTF Forward AATGGTGTCTTGCTCTCAGG 1199983-1199964e 116 spr1203
SPR1203RTR Reverse TAGATTGCTGACCAACCC 1199868-1199885e sprl 203
SPR1379RTF Forward CGGTTTGAATCGCTTAGTAACTG 1362088-1362066e 126 sprl 379
SPR1379RTR Reverse AAGAGTCGTCCGCGTTCAC 1361963-136198 l e sp r1379
SPR1734RTF Forward GAATGATGGAAGCTAGTAAGGC 1710275-1710254e 105 sprl 734
SPR1734RTR Reverse GTCCTACAGACAAGGTCACG 1710171-1710190° sprl734
SPR1877RTF Forward AGCCTTGATTCGTGCAACG 1847303-1847285s 124 sprl 877
SPR1877RTR Reverse AACACCAGCTATCCCCATATCC 1847180-184720 l e spr 1877
SPR1885RTF Forward TGATGGTAAAGACATTCGTGGC 1862021 -1862000° 102 sprl885
SPR1885RTR Reverse TTGTCTCGAATCGTTCCGC 1861920-1861938° spr1885
SPR1887RTF Forward ATTGCCCAAGGAGTTTCATCC 1865497-1865477° 108 sprl 887
SPR1887RTR Reverse TCGAACGACTAGATTTCCCG 1865390-1865409° sprl887
3341887RTFJ Forward T ATTGCCC AAGGAGTTTCATC 1865498-1865478° 108 spr1887
3341887RTR1' Reverse CG A ACG ACT AGATTTCCCG 1865391-1865409° sprl887
SPR1886RTF Forward AGAATCCAGTCCAGCGAAAGC 1863629-1863609° 127 NA
SPR1886RTR Reverse AAATTCGGTCATCACGACGG 1863503-1863522° NA
SPHEXARTF Forward CTGAAACCCAGCATTTGATTCG 1866761-1866740° 107 hexA
SPHEXARTR Reverse AT AGGTCTGAGCCCCCATAACC 1866655-1866676° hexA

16SREALF Forward GCCGGT AATAAACCGGAGG 16314-16332 100 16S rRNA
16SREALR Reverse GCGACTCGTTGTACCAGC 16413-16396 16S rRNA

a Nucleotide posidon of primer from S. pneumoniae strain R6 GenBank accession no.: NC_003098 
b Size of RT-PCR product (bp)
c Four copies of the 16S rRNA gene exist in the genome of S. pneumoniae strain R6
d Primers used for RT-PCR of sprl 887 in SP334 because of base alterations in genome of SP334 at SPR1887RTF/RTR primer annealing 
sites
0 Reverse complement strand orientation in S. pneumoniae R6 GenBank sequence



a volume of 50 pL with the addition of RNase-free water. Real Time RT-PCR was 

performed in an ABI Prism® 7000 Sequence Detection System (Applied Biosystems, 

Foster City, CA). Reverse transcription was performed at 50°C for 40 minutes, followed 

by a PCR activation step at 95°C for 15 minutes. PCR was conducted for 40 cycles with 

the following cycling conditions: 95°C for 30 seconds, 55°C for 30 seconds, and 72°C for 

30 seconds. PCR in the absence of the RT Mix was performed on each sample to ensure 

the removal of contaminating DNA. Real Time RT-PCR was also performed using 

internal primers (Table 3) for the S. pneumoniae 16S rRNA. These RT-PCR products 

served as endogenous controls to normalize expression levels.

Real Time RT-PCR data was analyzed with the ABI Prism® 7000 SDS software. 

Relative quantification of gene expression was determined using the 2 'AACt method as 

previously described (154). The CT values of the target gene and the endogenous control 

16S rRNA were acquired from the sequence detector and used to calculate the ACt. This 

value is obtained using the formula, ACt = CT target -  CT control, and represents the 

difference in threshold cycle between the target gene and the control rRNA. The ACt 

value of the parent strain was subtracted from the ACT of the mutant strain to produce a 

AACj-. Relative quantification (RQ) of gene expression was determined using the 

formula: RQ = 2"AACT. Relative quantification values were expressed as the fold 

difference relative to the parental strain and represented an average of at least two 

independent experiments. Based upon the calculations, the parental strain always 

received an RQ value of 1.0.
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Flow Cytometry

Flow cytometry was performed on R6 and a suspected efflux mutant to confirm 

differences in the cellular accumulation of ethidium bromide. Flow cytometry is a 

method for investigating components of cells by optical means. This technique utilizes a 

beam of light (usually laser light) which is directed at a stream of cells suspended in 

fluid. It can analyze multiple characteristics of a single cell simultaneously as it flows 

through an optical/detection apparatus. There are several detectors aimed at the point 

where the stream passes through the light beam. One detector (forward scatter) is in line 

with the light beam while all other detectors (side scatter) are perpendicular to the light 

beam. Molecules of ethidium bromide inside a cell are excited into emitting light at a 

longer wavelength than the light source as they pass through the beam of light. Flow 

cytometers detect fluorescence emission at a 90° angle (side scatter) to the exciting light 

beam. The intensity of the fluorescent light emitted by ethidium bromide within the cell 

can be measured by the side scatter/fluorescence detector and used to quantify 

accumulation.

Before measuring ethidium bromide accumulation, colonies of the two S. pneumoniae 

strains from overnight BAPs were harvested into 6  mL of THB supplemented with 0.5% 

yeast extract. One hundred milliliters of THB were inoculated with the cell suspension 

until an optical density at 600 nm (OD6oo) of ~ 0.1 was reached. The culture was 

incubated without shaking at 37°C in 5% C 0 2 in air to an OD600 of 0.6. At this time, 1 

mL of the culture was pelleted by centrifugation for 3 minutes at 16,060 x g. The 

supernatant was removed and the pellet was resuspended in 1 mL of uptake buffer (110 

mM NaCl; 7 mM KC1, 50 mM NH4C1, 0.4 mM Na2H P 0 4, 0.2% glucose, 52 mM Tris-
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base, [pH 7.5]). The cells were diluted 1:100 in uptake buffer and ethidium bromide was 

added to the cell suspension at final concentration of 2 pg/mL. After vortexing, the first 

measurement of ethidium bromide accumulation was taken. Although this timepoint was 

deemed t = 0, it actually occurred approximately 30 seconds after addition of ethidium 

bromide. Accumulation of ethidium bromide was measured continuously (one reading 

per second) for 20 minutes using a FACSCalibur flow cytometer (Becton Dickinson, San 

Jose, CA). Ethidium bromide was excited at 488 nm by an air-cooled argon laser and 

detected with a 585 nm photomultiplier tube. The percent maximal response from two 

independent experiments was measured and plotted as a function of time after the 

addition of ethidium bromide.



Results

The MICs of the fluoroquinolones and ethidium bromide in the parental strains were 

determined prior to mutant selection (Table 4). All four strains had MICs of 0.12, 0.5, 1, 

and 4 pg/mL for moxifloxacin, levofloxacin, ciprofloxacin, and norfloxacin, respectively, 

but ethidium bromide MICs varied: 2 pg/mL for strain CP 1000, 4 pg/mL for R6, and 16 

pg/mL for the clinical isolates, SP334 and SP335. To select less-susceptible mutants, the 

parental strains were exposed to inhibitory concentrations of moxifloxacin (0.12 pg/mL 

and 0.25 p,g/mL) and ciprofloxacin (1 pg/mL and 2 pg/mL).

Mutational Frequency

During the first selectional step, ciprofloxacin selected significantly more mutants 

than moxifloxacin (P<.01, Student's t test) for all parents (Table 5a). At selecting 

concentrations of ciprofloxacin equal to the MIC, mutational frequencies ranged from 2 x

10‘6 to 6 x 10’7. Moxifloxacin selected mutants ~50-fold less frequently than

-8 8ciprofloxacin, with mutational frequencies ranging from 2 x fO to 8 x 10 . No 

differences in the frequency of mutation selection were observed between wild-type 

strains and the penicillin-resistant clinical isolates (P=.32, Student’s t test). Mutants were 

selected less readily at fluoroquinolone concentrations 2X the MIC (P<.05, Student’s t 

test). For both ciprofloxacin and moxifloxacin, ~ 10-fold fewer mutants were selected 

when the selecting concentration of the fluoroquinolone was doubled.

No significant differences in the frequency of mutant selection between ciprofloxacin 

and moxifloxacin were observed during the selection of second-step mutants (P=. 16, 

Student’s t test) (Table 5b). There was less than a 10-fold difference in mutational

Susceptibility of the Parental Strains



Table 4. Antimicrobial Susceptibility of Parental Strains

Strain
CIP

MIC (ng/mL)a 
MXF NOR LVX EB

R6 1 0.12 4 0.5 4

CP 1000 1 0.12 4 0.5 2

SP334 1 0.12 4 0.5 16

SP335 1 0.12 4 0.5 16

a D rug A bbreviations: C IP, ciprofloxacin; M XF, m oxifloxacin; NO R, norfloxacin; LVX,
levofloxacin; EB, ethidium  brom ide



frequency between ciprofloxacin and moxifloxacin at selecting concentrations IX the 

MIC for R6, CP 1000, and SP334. In these strains, frequencies ranged from 2 x 10 6 to 8 x 

10 7 with ciprofloxacin and 2 x 10'5 to 4 x 10'ft with moxifloxacin. Furthermore, no 

differences were observed in the frequency of mutant selection with ciprofloxacin 

between the first- and second-step selections (P=.40, Student’s t test). In contrast, second- 

step mutants were selected more frequently with concentrations of moxifloxacin IX and 

2X the MIC as compared to the first-step selection (P<.1, Student’s t test). Mutants were

-5 7 7 - 8selected at a rate of 2 x 10’ to 4 x 10 and 2 x 10 to 3 x 10" with moxifloxacin 

concentrations IX and 2X the MIC, respectively. In comparison to the other strains, 

mutants were selected less readily from first-step mutants of SP335 with both 

ciprofloxacin and moxifloxacin during this selectional step (P<.05, Student’s t test).

During the third-selectional step, no differences in mutational frequency were 

observed between ciprofloxacin and moxifloxacin at selecting concentrations equal to the 

MIC (P=. 11, Student’s t test) (Table 5c). Furthermore, no significant differences were 

seen in the propensity to select mutants between the second and third selectional steps 

(P = . l l , Student’s t test). As with the first and second selectional steps, mutants were 

selected more frequently at concentrations equal to the MIC as compared to 2X the MIC. 

In some instances, no mutants were selected at fluoroquinolone concentrations 2X the 

MIC. In contrast, it was possible to select third-step mutants from all second-step mutants 

at fluoroquinolone concentrations equal to the MIC.
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Table 5a. Mutational Frequency of First-Step Selection
Parent Strain Selection Drug Mutational Frequency 

(IX MIC)
Mutational Frequency 

(2X MIC)
R6 Ciprofloxacin 2 x 10‘6 6 x 10'7

Moxifloxacin 7 x 10~8 5 x 10‘9

C P 1000 Ciprofloxacin 2 x 10'6 3 x IO7
Moxifloxacin 8 x 10‘8 7 x 10~9

SP334 Ciprofloxacin 2 x 10'6 1 x 1 0 7
Moxifloxacin 6 x 10'8 5 x 109

SP335 Ciprofloxacin 6 x 10'7 5 x 108
Moxifloxacin 2 x 1 0 8 1 x 10'10

Table 5b. Mutational Frequency of Second-Step Selection'1
Parent Strains Selection Drug M utational Frequency 

(IX  MIC)
Mutational Frequency 

(2X MIC)
R6 First-Step Ciprofloxacin 8 x 10'7 4 x 10 7

Mutants Moxifloxacin 3 x 10'6 5 x 1 0 7

CP 1000 First-Step Ciprofloxacin 5 x 10'6 3 x 10*6
Mutants Moxifloxacin 2 x 10'5 2 x IO 7

SP334 First-Step Ciprofloxacin 2 x 10'6 2 x 10‘8
Mutants Moxifloxacin 4 x 10'6 2 x 1 0 7

SP335 First-Step Ciprofloxacin 3 x 10‘10 3 x 1 0 10
Mutants Moxifloxacin 4 x 10'7 3 x 108

a Frequencies represent the average frequency with which all second-step mutants were selected from
first-step mutants

Table 5c. Mutational Frequency of Third-Step Selection3
Parent Strains Selection Drug M utational Frequency 

(IX MIC)
Mutational Frequency 

(2X MIC)
R6 Second-Step Ciprofloxacin 3 x IO7 NAb

Mutants Moxifloxacin 1 x 10~4 4 x 10' 8

CP 1000 Second- Ciprofloxacin 1 x 10’6 3 x 10‘8
Step Mutants Moxifloxacin 3 x 105 NAh

SP334 Second- Ciprofloxacin 2 x 10 111 NAb
Step Mutants Moxifloxacin 9 x 10'7 3 x 10’8

SP335 Second- Ciprofloxacin 1 x 10~6 7 x 10'7
Step Mutants Moxifloxacin 1 x 10~6 3 x 10‘9

a Frequencies represent the average frequency with which all third-step mutants were selected from 
second-step mutants
b Unable to calculate an average frequency because mutants were not selected from at least one second- 
step parent



In Vitro Mutational Analysis

First-Step Mutant Selection

The genotypes of first-step mutants selected with ciprofloxacin differed according to 

the parent from which they were selected. Six of seven first-step mutants derived from 

the wild-type parents, R6 and CP 1000, had mutations resulting in amino acid changes in 

ParC (Ser79) (Tables 6 and 7). Among the six strains with point mutations, four of them 

harbored a tyrosine residue at the 79 position of ParC. In contrast, none of the eight 

mutants derived from the penicillin-resistant clinical isolates had amino acid changes in 

ParC (Tables 8 and 9). Phenotypically, first-step mutants selected with ciprofloxacin 

exhibited 4-16 fold decreases in susceptibility to this fluoroquinolone (Table 10). On the 

other hand, only 4 of the 15 ciprofloxacin-selected first-step mutants had a > 4-fold 

reduction in susceptibility to moxifloxacin.

Unlike the mutants selected with ciprofloxacin, the first-step mutants selected with 

moxifloxacin from penicillin-susceptible and penicillin-resistant parents did not exhibit 

differences in the frequency of QRDR mutations; four of the seven mutants derived from 

penicillin-susceptible parents harbored a single GyrA (Ser81) amino acid change while a 

similar alteration at the Ser81 position in GyrA was also observed in three of six mutants 

selected from penicillin-resistant parents (Tables 6-9). One mutant, CP/MXF/0.25/1, was 

derived from the wild-type parent CP 1000 and contained both a GyrA alteration 

(Glu85—>Lysine) and a ParC change (Ser79—► Phenylalanine) (Table 7). The remaining 

six first-step mutants selected with moxifloxacin had no alterations in the QRDRs. 

Phenotypically, 11 of the 14 first-step mutants selected with moxifloxacin had a > 4-fold 

reduction in susceptibility to moxifloxacin (Table 10). Only one mutant, CP/MXF/0.25/1,
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Table 6. Results o f  M utant Selection in R6

Strain“ Sei. Step
CIP

MIC (ng/mL)b 
MXF NOR LVX EB GyrA GyrB

Genotype0

ParC ParE PmrA
R6 P 1 0 . 1 2 4 0.5 4 - - - -

R6/CIP/2/1 (A) Is' 8 0.5 128 4 16 - - S79Y -

R6-A/CIP/16/1 (B) 2 nd 64 8 128 32 16 S81F - S79Y - NCd
R6-B/CIP/128/1 3rd 512 8 1024 64 64 S81F - S79Y - NC
R6-B/CIP/128/2 3rd 512 4 1024 64 64 S81F - S79Y -

R6-A/CIP/16/2 (C) 2 nd 128 4 128 64 16 - D435N S79Y -

R6-C/CIP/128/1 3rd 512 8 1024 64 64 - D435N S79Y -

R6-C/CIP/128/2 3 rd 512 8 1024 64 64 - D435N S79Y -- NC

R6 p 1 0 . 1 2 4 0.5 4 „ __ __ __
R6/CIP/2/2 i st 8 0.25 128 2 8 - - S79Y

R6 p 1 0 . 1 2 4 0.5 4 — „ —
R6/CIP/2/3 (D) i st 4 0.25 32 1 16 - - - - NC
R 6 -D/CIP/8 /I 2 nd 16 0.5 128 8 32 — +3 bpc S79Y -

R6-D/CIP/8/2 (E) 2 nd 32 0.5 256 4 8 - +3 bp S79Y -

R6-E/CIP/32/1 3 rd 16 0.25 64 4 8 - +3 bp S79F -

R6-E/CIP/64/1 3rd 64 0.5 512 8 16 - +3 bp S79F -

R6 -E/C I P/64/2 3rd 64 0.5 256 8 16 — +3 bp S79F — NC

R6 P 1 0 . 1 2 4 0.5 4 — - - -

R6/MXF/0.25/I (A) 1 «
2 1 16 2 4 S81F - - «

R6-A/MXF/1/1 2 nd 64 4 128 16 4 S81F - S79Y -

R6-A/MXF/1/2 (B) 2 nd 64 4 128 16 4 S81F - S79Y - NC
R6-B/MXF/8/1 3 rd 64 16 128 128 4 S81F,

G79A
— S79Y —

R6-B/MXF/8/2 3rd 64 32 256 256 4 S81F,
G79A

S79Y
“

NC

R6 p 1 0 . 1 2 4 0.5 4 _ _ — —
R6/MXF/0.25/2 1 st 2 0.25 16 1 2 - - -

R6 p 1 0 . 1 2 4 0.5 4 _ — —
R6/MXF/0.25/3 1 st 2 0.5 16 2 2 - - - —

R6 p 1 0 . 1 2 4 0.5 4 — — —
R6/MXF/0.25/4 (C) i sl 2 1 16 2 8 S81Y - - -

R6-C/MXF/1/1 (D) 2nd 64 4 128 32 2 S81Y - S79F -

R6-C/MXF/1/2 2nd 64 4 128 32 4 S81Y - S79Y - NC
R6-D/MXF/4/1 3 rd 64 16 128 64 2 S81Y - S79F -
R6-D/MXF/8/1 3 1-d 64 16 128 64 4 S81Y - S79F - NC

a Parent strain/Selection agent/Selection Concentration/Mutant #; lettered designations used to indicate the parents that subsequent mutants were selected from 
bDrug Abbreviations: CIP, ciprofloxacin, MXF, moxifloxacin, NOR, norfloxacin, LVX, levofloxacin, EB, ethidium bromide 
c — indicates no change versus parental sequence
d NC indicates no change in the promoter or structural gene versus parental sequence 
e In-frame 3 base pair addition within the coding sequence of GyrB 0

0
1



Table 7. Results o f M utant Selection in CP1000 (CP)

Strain3 Sei. Step
CIP

MIC (ng/mL)b 
MXF NOR LVX EB GyrA GyrB

Genotype0

ParC ParE PmrA
CP P l 0 . 1 2 4 0.5 2 - - - -

CP/CIP/2/1 (A) Is' 8 0.5 128 2 2 - - S79F -
CP-A/CIP/16/1 (B) 2 nd 32 4 128 16 2 E85K,

V101L
— S79F — NCd

CP-B/CIP/64/1 3  rd 128 4 512 32 16 E85K,
V101L

— S79F — NC

CP-B/CIP/64/2 3rd 128 4 256 32 8 E85K,
V101L

— S79F —

CP-A/CIP/16/2 (C) 2 nd 64 4 128 32 4 S81Y - S79F - NC
CP-C/CIP/64/1 3rd 128 4 256 16 8 S81Y - S79F -
CP-C/CIP/64/2 3rd 128 4 512 32 16 S81Y -- S79F -

CP P 1 0 . 1 2 4 0.5 2 _ _ _ _ _ _ _ _

CP/CIP/2/2 (D) Is' 8 0.5 64 2 4 - - S79Y - NC
CP-D/CIP/16/1 2 nd 64 4 128 32 8 S81Y - S79Y -

CP-D/CIP/16/2 (E) 2 nd 64 4 128 32 32 S81Y - S79Y -
CP-E/CIP/128/1 3rd 256 4 1024 64 16 S81Y - S79Y - NC
CP-E/CIP/128/2 3  rd 256 4 1024 64 16 S81Y “ S79Y “

CP p 1 0 . 1 2 4 0.5 2 _ _ _ _ _ _ _ _

CP/CIP/2/3 i st 4 0.25 32 1 2 -- S79Y -

CP p 1 0 . 1 2 4 0.5 2 — — — —
CP/Cl P/2/4 i st 16 2 128 4 4 — — S79F "

CP p 1 0 . 1 2 4 0.5 2 - - - -
CP/MXF/0.25/1 Is* 32 4 128 16 4 E85K S79F -

CP p 1 0 . 1 2 4 0.5 2 _ _ ____ ____ —

CP/MXF/0.25/2 (A) i st 2 0.5 16 2 2 S81F - - «
CP-A/MXF/1/1 (B) 2 nd 64 4 128 16 2 S81F - S79F -

CP-A/MXF/1/2 2 nd 64 4 128 16 4 S81F - S79F - NC
CP-B/MXF/4/1 3rd 16 16 64 64 < 1 S81F D435V S79F - NC
CP-B/MXF/4/2 3rd 64 16 128 64 < 1 S81F D435V S79F "

CP P 1 0 . 1 2 4 0.5 2 — —

CP/MXF/0.25/3 1 st 1 0.50 16 1 2 S81F -- -

CP P 1 0 . 1 2 4 0.5 2 _ _ — „ —

CP/MXF/0.25/4 (C) 1 st 4 1 32 2 8 - - - - NC
CP-C/MXF/1/1 (D) 2 °d 64 8 128 64 4 E85K - S79Y --

CP-C/MXF/1/2 2 °d 64 8 128 64 4 E85K - S79F -
CP-D/MXF/16/1 3rd 128 64 256 256 4 E85K — S79Y,

D83Y
CP-D/MXF/16/2 3 rd 128 64 256 256 4 E85K -- S79Y,

D83N
— NC

a Parent strain/Selection agent/Selection Concentration/Mutant #; lettered designations used to indicate the parents that subsequent mutants were selected from 
bDrug Abbreviations: CIP, ciprofloxacin, MXF, moxifloxacin, NOR, norfloxacin, LVX, levofloxacin, EB, ethidium bromide 
c — indicates no change versus parental sequence
d NC indicates no change in the promoter or structural gene versus parental sequence



Table 8. Results o f M utant Selection in SP334

Strain“ Sei. Step
CIP

MIC (ng/mL)b 
MXF NOR LVX EB GyrA GyrB

Genotype0

ParC ParE PmrA
SP334 P 1 0 . 1 2 4 0.5 16 - - - -

SP334/CIP/2/1 1 st 16 0.25 128 2 16 - - - -

SP334 P 1 0 . 1 2 4 0.5 16 — — — —

SP334/CIP/2/2 1 st 8 0.25 128 2 16 - — — --

SP334 P 1 0 . 1 2 4 0.5 16 — — — —

SP334/CIP/2/3 (A) 1 st 16 0.25 128 2 32 - - -- - NCd
SP334-A/CIP/16/1 (B) 2 nd 64 1 256 8 64 - - - - NC

SP334-B/CIP/64/1 3rd 512 4 1024 32 128 S81A - S79Y — NC

SP334 P 1 0 . 1 2 4 0.5 16 __ — — —

SP334/CIP/2/4 Is' 8 0.25 128 2 8 -- — --

SP334 P 1 0 . 1 2 4 0.5 16 - - - -
SP334/MXF/0.25/1 1 st 4 0.25 32 1 8 - - - "

SP334 P 1 0 . 1 2 4 0.5 16 — — — —

SP334/MXF/0.25/2 1 st 4 0.25 32 1 8 - — - -

SP334 P 1 0 . 1 2 4 0.5 16 — — — - -

SP334/MXF/0.25/3 (A) 1 st 4 0.5 32 1 16 S81Y - - -
SP334-A/MXF/0.5/1 (B) 2 nd 128 4 256 16 8 S81Y S79Y NC

SP334-A/MXF/0.5/2 2 nd 128 4 256 16 8 S81Y S79Y -
SP334-B/MXF/8/1 3rd 128 32 256 128 8 S81Y,

E85G
— S79Y "

SP334-B/MXF/8/2 3rd 128 32 256 128 8 S81Y,
E85G

S79Y NC

SP334 P 1 0 . 1 2 4 0.5 16 — — — —

SP334/MXF/0.25/4 (C) Is' 4 0.5 32 2 16 - - NC
SP334-C/MXF/0.5/1 (D) 2nd 32 4 128 16 2 S81Y S79Y NC

SP334-D/MXF/8/1 3rd 32 64 64 128 2 S81Y,
E85A

— S79Y —

SP334-D/MXF/8/2 3rd 64 32 256 128 4 S81Y,
E85A

" S79Y " NC

SP334-C/MXF/0.5/2 (E) 2nd 64 4 256 • 32 8 S81Y - S79Y
SP334-E/MXF/8/1 r̂d 128 64 256 64 16 S81Y,

E85Q
— S79F — NC

SP334-E/MXF/8/2 3rd 64 32 256 64 16 S81Y,
E85A

S79Y

a Parent strain/Selection agent/Selection Concentration/Mutant #; lettered designations used to indicate the parents that subsequent mutants were selected from 
bDrug Abbreviations: CIP, ciprofloxacin, MXF, moxifloxacin, NOR, norfloxacin, LVX, levofloxacin, EB, ethidium bromide 
c — indicates no change versus parental sequence
d NC indicates no change in the promoter or structural gene versus parental sequence



Table 9. Results o f M utant Selection in SP335

Strain8 Sei. Step
CIP

MIC (|ig/mL)b 
MXF NOR LVX EB GyrA GyrB

Genotypec
ParC ParE PmrA

SP335 P l 0 . 1 2 4 0.5 16 — — — —
SP335/CIP/2/1 1 st 4 0.25 64 1 16 - -- -- - NCd

SP335 P 1 0 . 1 2 4 0.5 16 __ __ __ __

SP335/CIP/2/2 1 st 4 0 . 1 2 32 1 16 -- -

SP335 P 1 0 . 1 2 4 0.5 16 __ __ __ __

SP335/CIP/2/3 1 st 4 0.25 32 1 8 -- -

SP335 P 1 0 . 1 2 4 0.5 16 . . __ __

SP335/CIP/2/4 (A) l sl 8 0.25 64 2 32 - - - -
SP335-A/CIP/16/1 (B) 2 nd 64 1 512 8 64 - - S79Y - NC

SP335-B/CIP/128/1 3rd 512 8 1024 64 64 S81Y - S79Y -
SP335-B/CIP/128/2 3rd 512 8 1024 64 64 S81Y - S79Y -
SP335-A/CIP/16/2 2 nd 64 1 256 8 64 — — S79Y —

SP335 p 1 0 . 1 2 4 0.5 16 — — - -
SP335/MXF/0.25/1 (A) i sl 4 1 32 2 16 S81Y — — - NC

SP335-A/MXF/1/1 2 nd 64 4 128 16 16 S81Y - S79Y -
SP335-A/MXF/1/2 (B) 2 nd 128 4 256 16 16 S81Y - S79Y - NC

SP335-B/MXF/8/1 3rd 64 32 256 64 4 S81Y,
E85Q

— S79Y —

SP335-B/MXF/8/2 3rd 64 32 256 64 2 S81Y,
E85G

S79Y NC

SP335 p 1 0 . 1 2 4 0.5 16 __ „ __

SP335/MXF/0.25/2 i sl 4 1 32 2 8 S81Y -
a Parent strain/Selection agent/Selection Concentration/Mutant #; lettered designations used to indicate the parents that subsequent mutants were selected from 
bDrug Abbreviations: CIP, ciprofloxacin, MXF, moxifloxacin, NOR, norfloxacin, LVX, levofloxacin, EB, ethidium bromide 
c — indicates no change versus parental sequence
d NC indicates no change in the promoter or structural gene versus parental sequence



„ - . Selection _______ Ciprofloxacin MIC (fig/mL)h_______  ________ Moxifloxacin MIC (ng/mL)b_______
on Step Agenta 1 2 4 8 16 32 64 128 256 512 0.12 0.25 0.5 1 2 4 8 16 32 64

Table 10. Distribution o f Ciprofloxacin and Moxifloxacin MICs among Selected Mutants

1st CIP 5 7 3 1 10 3 1
2nd CIP 1 2 7 1 2 3 5 t
■̂rd CIP 1 2 4 2 5 1 2 7 4
I5' MXF 1 5 7 1 3 5 5 1

2nd MXF 1 10 3 12 2
3rd MXF 1 1 9 5 5 7 4

d Drug Abbreviations: CIP, ciprofloxacin, MXF, moxifloxacin 
h Indicates the number of examined mutants with respect to MIC



had an MIC exceeding the CLSI susceptible breakpoint for moxifloxacin (< 1 pg/mL). 

However, this mutant had two QRDR changes as described above, and therefore it may 

not necessarily represent a single-step mutant.

Second-Step Mutant Selection

Representative first-step mutants were chosen for further mutant selections under 

selection pressure with the same agent. The six second-step mutants selected with 

ciprofloxacin from first-step mutants with ParC changes developed additional changes in 

either GyrA (Ser81, Glu85, or VallO l) or GyrB (Asp435) (Tables 6-9). Five of the six 

second-step mutants selected with ciprofloxacin from first-step mutants without QRDR 

changes developed ParC (Ser79) mutations. Two of these mutants harbored not only a 

ParC mutation, but also an in-frame 3 bp addition within the coding sequence of GyrB 

(Table 6). One second-step mutant, SP334-A/CIP/16/1 (B) (Table 8), exhibited additional 

reductions in susceptibility to the fluoroquinolones with no QRDR changes. 

Phenotypically, ten of the 11 ciprofloxacin-selected second-step mutants exhibited 

ciprofloxacin MICs of 32-128 pg/mL (Table 10). The MICs of moxifloxacin for these 

mutants ranged from 0.5-8 pg/mL.

All second-step mutants (n=10) selected with moxifloxacin from first-step mutants 

with GyrA changes developed additional mutations in ParC (Ser79) (Tables 6-9). When 

first-step mutants without QRDR changes were exposed to moxifloxacin, the subsequent 

second-step mutants developed two QRDR changes (either Ser81 or Glu85 in GyrA in 

combination with Ser79 in ParC). Second-step mutants selected with moxifloxacin had 

similar reductions in susceptibility to ciprofloxacin (32-128 pg/mL). However, all 

moxifloxacin-selected second-step mutants had moxifloxacin MICs > 4 pg/mL.
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Third-Step Mutant Selection

To continue the selection experiments, representative second-step mutants were again 

exposed to ciprofloxacin. There were no additional QRDR changes in the third-step 

penicillin-susceptible mutants (Tables 6 and 7). These mutants exhibited further increases 

in MICs of ciprofloxacin, but not moxifloxacin. All ciprofloxacin-selected third-step 

mutants derived from penicillin-resistant parental strains acquired an additional QRDR 

change. Two mutations (Ser81—»Alanine in GyrA, Ser79—>Tyr in ParC) were found in a 

third-step penicillin-resistant mutant with no previous QRDR mutations. Thirteen of the 

14 ciprofloxacin selected third-step mutants had ciprofloxacin MICs ranging from 64-512 

pg/mL. The MICs of moxifloxacin in these mutants ranged from 0.25-8 pg/mL.

Unlike ciprofloxacin-selected third-step mutants, six of the eight third-step mutants 

selected with moxifloxacin from penicillin-susceptible parents exhibited additional 

QRDR mutations (Tables 6 and 7). Two mutants had additional mutations in GyrA, two 

in GyrB, and two in ParC. These changes correlated with increases in moxifloxacin MICs 

of 4-8 fold without corresponding changes in ciprofloxacin MICs. In contrast to such a 

diversity of QRDR changes, the penicillin-resistant third-step mutants developed 

additional mutations in GyrA only, again associated with MIC increases of 4-16 fold for 

moxifloxacin, but no change in susceptibility to ciprofloxacin (Tables 8 and 9). Fourteen 

of the 16 moxifloxacin-selected third step mutants had ciprofloxacin MICs of 64-128 

pg/mL. However, all of these mutants had higher moxifloxacin MICs (16-64 pg/mL) than 

any of the ciprofloxacin selected mutants (0.25-8 pg/mL).

106



Four-fold or greater reductions in fluoroquinolone susceptibility, especially of the 

PmrA substrate norfloxacin, in the absence of corresponding QRDR changes suggested 

the possible role of non-target associated resistance mechanisms, such as efflux, or target 

alterations outside the currently defined QRDRs. The suspicion of an efflux mechanism 

was increased for mutants that also exhibited a 4-fold or greater reduction in 

susceptibility to ethidium bromide, another PmrA substrate. Nine such putative efflux 

mutants were selected with ciprofloxacin and one with moxifloxacin. All were derived 

from CP 1000 or R6. No mutants selected from SP334 or SP335 exhibited a 4-fold 

decrease in susceptibility to ethidium bromide in a single mutational step, but for some 

ciprofloxacin-selected mutants, ethidium bromide MICs increased from 16 pg/mL to 64 

or 128 pg/mL over two or three mutational steps.

The first-step putative efflux mutant selected with moxifloxacin was CP/MXF/0.25/4, 

which exhibited 4-fold increases in the MICs of ciprofloxacin, levofloxacin, and ethidium 

bromide, and 8-fold increases in the MICs of moxifloxacin and norfloxacin (Table 7). 

The putative first-step efflux mutants selected with ciprofloxacin were R6/CIP/2/3, 

SP334/CIP/2/3, and SP335/CIP/2/4, all of which exhibited at least 4-fold increases in 

norfloxacin MICs, but not ethidium bromide (Tables 6-9). In addition, ciprofloxacin 

selected the following third-step putative efflux mutants, all of which exhibited at least 4- 

fold increases in the MICs of ciprofloxacin, norfloxacin and ethidium bromide, but not 

moxifloxacin in the absence of an additional QRDR change: CP-B/CIP/64/1, CP- 

C/CIP/64/2 (Table 7), R6-B/CIP/128/1, R6-B/CIP/128/2, R6-C/CIP/128/1, and R6- 

C/CIP/128/2 (Table 6).
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The phenotypic evidence of efflux-mediated resistance was apparent in multiple step 

mutants. After three exposures to ciprofloxacin, 18 of 21 mutants were associated with at 

least 4-fold increases in ethidium bromide MICs compared to the parent strains (Figure 9) 

(Note: Only sequenced mutants are shown in Tables 6-9). Of these 21 mutants, 15 were 

associated with a > 128-fold increase in the MIC of norfloxacin. In contrast, after three 

exposures to moxifloxacin, none of the 24 mutants exhibited a significantly increased 

MIC of ethidium bromide (Figure 9). The difference between the ciprofloxacin- and 

moxifloxacin-selected mutants was even more evident with 14 of the 24 moxifloxacin- 

selected mutants exhibiting decreased ethidium bromide MICs, some as much as 8-fold 

(16 pg/mL to 2 pg/mL). Furthermore, while 14 of 16 moxifloxacin-selected third-step 

mutants harbored three QRDR changes, only two of 14 ciprofloxacin-selected third-step 

mutants had a similar number of QRDR changes, suggesting that an alternative 

mechanism, such as efflux was selected by ciprofloxacin.

Analysis of pmrA  

Sequencing

The putative promoter elements and structural gene of pmrA were sequenced in 33 

mutants and compared to the corresponding sequences of the parental strains. No base 

changes were found in any of the mutants (designated NC for no change in Tables 6-9). 

The parental strains CP 1000 and R6 exhibited 100% nucleotide similarity within the 

sequenced region. In SP335, there were three bases that differed from the structural gene 

of R6: T—>C at position 866243, C—>T at position 866660, and A—>C at position 867176 

of the S. pneumoniae R6 genome (GenBank accession number:
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Figure 9. Number of third-step mutants selected with either (A) ciprofloxacin or (B) 
moxifloxacin that display a fold increase or decrease in ethidium bromide (EB) MIC 
relative to the parent from which it was selected. Eighteen of 21 mutants selected with 
ciprofloxacin exhibited at least a four-fold increase in ethidium bromide MIC. In contrast, 
none of the 24 third-step mutants selected with moxifloxacin demonstrated reduced 
susceptibility to ethidium bromide.
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NC_003098, http://www.ncbi.nlm.nih.gov/). However, none of these differences resulted 

in amino acid changes. In contrast, the penicillin-resistant parent SP334 exhibited a 

multitude of sequence differences within the structural gene of pmrA relative to R6. Sixty 

base pair differences within the structural gene were detected. Of these base differences, 

six encoded different amino acids: Asn37—»Serine, Ser42—>Glycine, 

Tyr48—»Phenylalanine, Ala83—»Threonine, lie 180—»Valine, and L eu215-—»Valine. 

Additionally, SP334 possessed several differences within the putative pmrA promoter, 

including changes within the putative -35 and -10 regions (Figure 10). The putative -35 

region of R6 contained the sequence TTGATA at base pairs 866142-866147 in its 

genome while the -35 region of SP334 harbored the sequence, TAAACA. In addition, a 

base difference was observed between R6 and SP334 within the putative -10 region 

(Figure 10).

Primer Extension

Primer extension was performed to map the start site of pmrA transcription in R6. All 

attempts to map the start site within the putative promoter region of pmrA  failed. The 

experiment was performed three separate times with two different primers (SP0875PE 

and SP0875PE2).

Estimation of the pmrA Start Site of Transcription using RT-PCR

As an alternative to primer extension, RT-PCR was used to determine the 5 ’ end of 

the pmrA transcript. In these experiments, a series of forward primers (primers 1 through 

10, Figure 11) were used in conjunction with a reverse primer (primer R [SP0875PE2] 

Table 2, Figure 11) that annealed to a region within the putative pmrA  open reading 

frame. Amplification was observed with forward primers annealing to regions upstream

http://www.ncbi.nlm.nih.gov/


1 12

Figure 10. Comparison of the 5 ’ non-coding sequence of pmrA in S. pneumoniae strains 
R6 (top) and SP334 (bottom). The putative -35 element is underlined and -10 element is 
double underlined as indicated by GenBank accession number AJ007367. The ATG start 
codon is bolded.



R6 5 '  AAAAAGAAAGATTTGGCCAGCCAGGTTCTTGATAATAATGGCAATCAGAACCAGCTTCTTAATCAAGTGCATATCCTTCTTGAGGGAGGTAGGCAAGATG 3 '

S P 3 3 4  5 '  AAAAAGAAAGATTTGGCCAGCCATGTTTTAAACAACAATGGGAATCAGGACCAGCTTCTTACTCAGGTGTTCTCCCTTCTTGAGGGAGGTAAGCAAGATG 3 '

U>



of the putative pmrA start site (Figure 11, Panel A), indicating that pmrA exists on a 

multi-gene transcript. As shown in Figure 11, the largest amplicon was observed in a 

reaction containing the reverse primer, R and the forward primer, 10 (SP0875UP5, Table 

2). Although this band was faint after 25 cycles of amplification, it became more visible 

by adjusting the cycling parameters (2 minutes and 30 seconds extension time for 30 

cycles) (Figure 11, Panel B). The presence of contaminating DNA was not detected using 

these adjusted conditions. The amplicon generated with primers R and 10 shown in 

Figure 11, Panel B was sequenced and found to correspond with the expected product. In 

order to map the transcript further, it was necessary to design additional primers because 

transcripts > 2 kb are not reverse transcribed and amplified efficiently by the Qiagen 

One-Step RT-PCR kit. Primer 11 (UPREV2, Table 2) is the reverse complement 

sequence of the forward primer 10, while primers 13 (UPREV3, Table 2) and 15 

(UPREV4, Table 2) are the reverse complements of forward primers 12 (SP0875UP6, 

Table 2) and 14 (SP0875UP7, Table 2), respectively. While an RT-PCR product was 

observed in the reaction containing primers 11 and 12, no amplicon was generated in the 

reaction harboring primers 13 and 14 (Figure 11, Panel C). These data suggest that the 5 ’ 

end of the transcript is located upstream of the annealing site for primer 13 and 

downstream of the annealing site for primer 14. Amplification was also observed with a 

forward primer, 17 (SP0875RTF, Table 2), internal to pmrA and a reverse primer, 18 

(DOWNREV1, Table 2) downstream of pmrA (Figure 11, Panel D), indicating that the 

transcript is > 5 kb in length.
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1 15

Figure 11. RT-PCR to map the start site of pmrA. The bands in Panels A, B, C, and D 
correspond to amplicons generated using a combination of primers indicated in the ORF 
map above. In each panel, Lane 1 is a 100 bp molecular marker. In Panel A, the bands 
correspond to products amplified with the following primers: Lane 2, R /l ,  Lane 3, R/2, 
Lane 4, R/3, Lane 5, R/4, Lane 6, R/5, Lane 7, R/6, Lane 8, R/7, Lane 9, R/8, Lane 10, 
R/9, Lane 11, R/10. In Panel B, the bands correspond to products amplified with the 
adjusted cycling conditions (2 minutes and 30 second extension time for 30 cycles). In 
Panel B, Lane 2, R/8 at 30 cycles, Lane 3, -RT with primers R/8 at 30 cycles, Lane 4, 
R/10 at 30 cycles, Lane 5, -RT with primers R/10 at 30 cycles. In Panel C, the bands 
correspond to products amplified with the following primers: Lane 2, 
SPPMRTF/SPPMRTR (primers internal to pmrA used as a positive control), Lane 3, 
1 1/12, Lane 4, 13/14, Lane 5, 15/16. In Panel D, the band corresponds to an amplicon 
generated using the primers 17 and 18.
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Semi-Quantitative RT-PCR to Measure Expression of pmrA

To examine if overexpression of pmrA was responsible for the increased efflux of 

ethidium bromide and/or the fluoroquinolones, semi-quantitative RT-PCR was performed 

on the four parental strains and nine mutants generated from the stepwise selection 

process. These mutants were chosen to represent a variety of selected phenotypes and 

genotypes, including mutants with large increases or decreases in putative efflux, and 

those with or without QRDR mutations (Table 11). No changes in pmrA expression were 

detected between any of the tested mutants and their parents (Figure 12).

Flow Cytometry

Flow cytometry was performed to determine if the 16-fold increase in resistance to 

ethidium bromide of the mutant R6-B/CIP/128/1 was due to decreased drug 

accumulation. After 20 minutes, the level of ethidium bromide accumulation was 3-fold 

less in the mutant compared to the parental strain (Figure 13). Following this experiment, 

the mutant R6-B/CIP/128/1 was renamed R6EM (R6 Efflux Mutant). This mutant was 

further investigated by Real-Time RT-PCR for its expression level of 12 putative efflux 

genes (Table 12), including patA , patB , and pmrA.

Overexpression of patA and patB

Figure 14 compares the levels of expression of patA  and patB  in the parent strain, R6, 

and the mutant strain, R6EM. The expression of these genes was significantly greater in 

R6EM. The levels of expression for R6EM were 271- and 58-fold greater for patA  and 

patB, respectively, in comparison to R6. The levels of expression for pmrA and other 

putative efflux genes identified by comparative genomic analysis were also compared in
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Table 11. Parents and Mutants Used for Semi-Quantitative RT-PCR Analysis of pmrA

Strain3 Sei. Step
CIP

MIC (ng/mL)b 
MXF NOR LVX EB GyrA GyrB

Genotypec
ParC ParE PmrA

CP P 1 0.12 4 0.5 2 — — — —

CP/MXF/0.25/4 (C) 1st 4 1 32 2 8 — — — — NCd
CP-E/CIP/128/1 3rd 256 4 1024 64 16 - - -- - NC

R6 P 1 0.12 4 0.5 4 . . . . . .
R6-B/C1P/128/1 3rd 512 8 1024 64 64 S81F — S79Y — NC
R6-C/CIP/128/2 3rd 512 8 1024 64 64 - D435N S79Y - NC

SP334 P 1 0.12 4 0.5 16 „ _ . .
SP334-A/CIP/16/1 2nd 64 1 256 8 64 — — — — NC

SP334-C/MXF/0.5/1 (D) 2nd 32 4 128 16 2 S81Y — S79Y — NC
SP334-D/MXF/8/1 3rd 32 64 64 128 2 S81Y,

E85A
— S79Y

SP335 P 1 0.12 4 0.5 16 _ _ _ __

SP335/CIP/2/4 (A) 1st
3rd

8 0.25 64 2 32 — — — —

SP335-B/MXF/8/2 64 32 256 64 2 S81Y,
E85G

— S79Y — NC

“Parent strain/Selection agent/Selection Concentration/Mutant #; lettered designations used to indicate the parents that subsequent mutants were selected from 
bDrug Abbreviations: CIP, ciprofloxacin, MXF, moxifloxacin, NOR. norfloxacin, LVX, levofloxacin, EB, ethidium bromide 
c — indicates no change versus parental sequence
d NC indicates no change in the promoter or structural gene versus parental sequence



Figure 12. Semi-quantitative RT-PCR to determine pmrA expression levels. 
Transcriptional expression of pmrA (Panel A) was measured by semi-quantitative RT- 
PCR and normalized with respect to the 16S rRNA (Panel B). M represents the 100 bp 
DNA ladder while the labels for each band correspond to a parent strain or mutant found 
in Table 11: (a) R6, (b) R6-B/CIP/128/1, (c) R6-C/CIP/128/2, (d) CP1000, (e) 
CP/MXF/0.25/4, (f) CP-E/CIP/128/1, (g) SP334, (h) SP334-A/C IP /16/1, (i) SP334- 
C/MXF/0.5/1, (j) SP334-D/MXF/8/1, (k) SP335, (1) SP335/CIP/2/4, and (m) SP335- 
B/MXF/8/2. Relative fold-expression with respect to the strain with the lowest level of 
expression (SP335) is shown in Panel C. Dashed bars represent R6 strains, while gray 
bars, black bars, and clear bars represent CP 1000, SP334, and SP335 strains, 
respectively.



16S 
rRNA

a. b. c. d. e. f. g. h. i. j. k. I. m.
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Figure 13. Ethidium bromide accumulation in R6 and R6-B/CIP/128/1. Accumulation is 
expressed as the percent maximal response of the largest value (20 minutes in the wild- 
type parent R6). Each point represents the mean of two separate experiments with error 
bars showing standard error of the mean. Symbols: A , the wild-type parent R6; ■. the 
efflux mutant R6-B/CIP/128/1. After 20 minutes, a significant difference in accumulation 
was seen between R6 and R6EM (P < .01, Student’s t-test).
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Table 12. Putative Transporter Genes Evaluated in this Study

R6 Gene No.a Description1’
spr0137 ABC transporter, ATP-binding/membrane spanning permease -  possibly

multidrug resistance
spr0610 ABC transporter, ATP-binding protein -  unknown substrate
spr0875 PmrA, MFS-type transporter
spr0880 TehB, SMR-type transporter -  tellurite resistance
sprl052 Hypothetical protein -  similarity to MATE-type transporters
sprl 183 ABC transporter, ATP-binding protein -  possibly multidrug resistance
s p r l203 ABC transporter, ATP-binding/membrane spanning protein -  multidrug

resistance
s p r l379 ABC transporter
s p r l734 ABC transporter ATP-binding protein -  unknown substrate
s p r l877 MATE-type transporter
sprl 885 PatB, ABC transporter, ATP-binding/membrane spanning protein -  unknown

substrate
s p r l887 PatA, ABC transporter, ATP-binding/membrane spanning protein -  unknown

substrate
a -  Gene designation from S. pneumoniae strain R6 GenBank accession number: NC_003098 
h -  Pump Abbreviations: ABC, antibiotic-binding cassette; MFS, major facilitator superfamily; SMR, 
small multi-drug resistance; MATE, multi-antimicrobial extrusion
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Figure 14. Relative fold expression of patA  and patB  in the wild-type parent strain, R6 
(gray), and the efflux mutant, R6EM (black) as measured by Real Time RT-PCR. Error 
bars indicate the standard error (n = 2). The gene numbers correspond to those from S. 
pneumoniae strain R6 GenBank accession number: NC_003098. The expression of the 
parental strain, R6, was set to 1.0 and used as a baseline for comparative analysis of 
relative fold expression.
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R6 and R6EM and the results are presented in Figure 15. For eight of the ten genes 

examined, including pmrA , no differences in expression greater than 1.6 fold were found 

between the mutant R6EM and R6. However, a putative ABC transporter gene, sprl 183, 

showed a 3.7-fold increase in expression for R6EM. In addition, the expression of 

another putative ABC transporter gene, s p r l734, was significantly reduced (3-fold) in the 

mutant R6EM.

The results of the above experiments showed that the mutant strain R6EM exhibited 

both reduced susceptibility to ethidium bromide and overexpression of patA  and patB. To 

investigate this finding further, the expression of patA  and patB  was measured in three 

other ciprofloxacin-selected mutants (R6EM2, CP1000EM, and SP335EM) and 

compared with the expression of a moxifloxacin-selected mutant, SP334EM. These 

mutants are described in Table 13 and were chosen because they possess a variety of 

increases and decreases in ethidium bromide MIC. The gene patA  was overexpressed in 

the ciprofloxacin-selected mutants compared to their respective parents (Figure 16a). The 

levels of expression for patA were 210-fold, 10-fold, and 9-fold more in R6EM2, 

CP1000EM, and SP335EM, respectively in comparison to the parental strains. In 

contrast, no differences in expression were seen in the moxifloxacin-selected mutant, 

SP334EM (0.7-fold that of the parental strain).

A similar trend was observed when the expression of patB  was evaluated. All three of 

the ciprofloxacin-selected mutants were overexpressed when compared to their parental 

strains (Figure 16b). R6EM2, CP1000EM, and SP335EM were expressed at levels 58- 

fold, 6-fold, and 8-fold greater than their parent strains, respectively. No differences in
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Figure 15. Relative fold expression of pmrA (spr0875) and nine putative efflux genes in 
the wild-type parent strain, R6 (gray), and the efflux mutant, R6EM (black). Expression 
was measured with Real-Time RT-PCR. Error bars indicate the standard deviations of 
three separate experiments. The gene numbers correspond to those from S. pneumoniae 
strain R6 GenBank accession number: NC_003098. The expression of the parental strain, 
R6, was set to 1.0 and used as a baseline for comparative analysis of relative fold 
expression.
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Table 13. Properties of Parents and Mutants Used in Real Time RT-PCR Analysis o fpatA and patR

Strain
Strain
Name

Parent
or

Mutant

Selection 
Quinolone/ 

No. of 
Exposures CIP MXF

MECs in ng/mL 

GAT1’ LVX

a

NOR ETBR

Amino Acid Substitutions 

GyrA GyrB ParC ParE

R6 R6 Parent 1 0.12 0.25 0.5 4 4
R6-B/CIP/128/1 R6EM Mutant CI P/3 512 8 16 64 1024 64 S81F S79Y
R6-C/CIP/128/2 R6EM2 Mutant CI P/3 512 4 16 128 1024 64 D435N S79Y

C P 1000 CP 1000 Parent 1 0.12 0.25 0.5 4 2
CP-E/CIP/128/1 CP1000EM Mutant CI P/3 256 4 8 64 1024 16 S81Y S79Y

SP334 SP334 Parent 1 0.12 0.25 0.5 4 16
SP334-D/MXF/8/1 SP334EM Mutant MXF/3 32 64 32 128 64 2 S81Y, S79Y

E85A
SP335 SP335 Parent 1 0.12 0.25 0.5 4 16

SP335/CIP/2/4 (A) SP335EM Mutant CIP/1 8 0.25 1 2 64 32
a Drug abbreviations: CIP, ciprofloxacin; MXF, moxifloxacin; GAT, gatifloxacin; LVX, levofloxacin; ETBR, ethidium bromide 
b Antimicrobial susceptibility testing of these mutants to gatifloxacin was conducted to gather information on the effects of patA/patB  
overexpression on this newer fluoroquinolone
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Figure 16A. Relative fold expression of pat A in the parental strains (R6, CP 1000, SP334, 
and SP335), ciprofloxacin-selected mutants with reduced susceptibility to ethidium 
bromide (R6EM2, CP1000EM, and SP335EM), and a moxifloxacin-selected mutant with 
increased susceptibility to ethidium bromide (SP334EM). Expression was measured with 
Real-Time RT-PCR. Error bars indicate the standard error of the mean (n = 2). The 
expression of the parental strains was set to 1.0 and used as a baseline for comparative 
analysis of relative fold expression.

Figure 16Ii. Relative fold expression of patB  in the parental strains (R6, CP1000, SP334, 
and SP335), ciprofloxacin-selected mutants with reduced susceptibility to ethidium 
bromide (R6EM2, CP1000EM, and SP335EM), and a moxifloxacin-selected mutant with 
increased susceptibility to ethidium bromide (SP334EM). Expression was measured with 
Real-Time RT-PCR. Error bars indicate the standard error of the mean (n = 2). The 
expression of the parental strains was set to 1.0 and used as a baseline for comparative 
analysis of relative fold expression.
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expression (0.8-fold) were observed in patB  in the ethidium bromide hyper-susceptible 

mutant SP334EM compared to SP334.

Antimicrobial Susceptibility Testing of Efflux Mutants

No differences in susceptibility between the parental strains and efflux mutants were 

observed in tests with penicillin, imipenem, erythromycin, chloramphenicol, 

trimethoprim-sulfamethoxazole, gentamicin, vancomycin, tetracycline, clindamycin, and 

rifampin, indicating that these agents were not affected by the overexpression of patA  and 

patB  (Table 14).

Organization of patA and patB  in S. pneumoniae

The above results demonstrated that both patA  and patB  were overexpressed in 

ciprofloxacin-selected mutants. Because these genes are closely linked on the 

chromosome, it was hypothesized that they are transcribed together on a single mRNA 

transcript. To evaluate this hypothesis, RT-PCR to detect co-transcription of patA  and 

patB  was performed on RNA samples of R6 and R6EM using two primers: a forward 

primer, 8587SEMIF, located 228 bp upstream of the 3 ’ end of patA  structural gene 

(Primer 1A in Figure 17) and a reverse primer, 8587SEMIR, located 264 bp downstream 

of the putative 5 ’ end of patB  structural gene (Primer IB in Figure 17). As indicated by 

the 1,233 bp product in Figure 18, the presence of two open reading frames on a single 

mRNA transcript was confirmed with semi-quantitative RT-PCR.

Further evidence for the existence of patA and patB  on a single transcript was 

obtained by Real-Time RT-PCR analysis. If the coding regions are co-transcribed, the 

region between each individual coding region should also be expressed at an increased 

level in R6EM compared to R6. To test this hypothesis, the primers SPR1886RTF and
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Table 14. Disk Diffusion Susceptibility Testing of Parental Strains and Suspected Efflux Mutants

CLSI B reakpoin ts1’
Z one o f  Inhib ition  Parent0 and M utant Zone Sizes (m m ) 

(m m ) ________________________________________________
A ntib iotic S I R R6 R6EM R6EM 2 C P 1000 C PEM SP334 SP 334E M SP335 SP 335E M

M eropenem NA NA NA 40(NA) 40 39 42(NA) 41 21 (NA) 20 20(NA) 20
Im ipenem NA NA NA 44(NA) 44 45 46(NA) 46 27(NA) 27 29(NA) 28
Penicillin NA NA NA 36(NA) 37 38 40(NA) 39 17(NA) 17 15(NA) 15

E rythrom ycin >21 16-20 <15 28(S) 27 27 34(S) 32 10(R) 9 11 (R) 10
C hloram phenicol >21 NA <20 25(S) 26 27 27(S) 27 24(S) 24 22(S) 22

T M Sa >19 16-18 <15 22(S) 22 23 24(S) 24 6(R) 6 6(R) 6
A m ikacin NA NA NA 10(NA) 11 11 18(NA) 17 10(NA) 10 11 (NA) 10

G entam icin NA NA NA 10(NA) 11 11 18(NA) 19 11 (NA) 11 10(NA) 11
V ancom ycin >17 NA NA 22(S) 21 21 25(S) 25 23(S) 24 19(S) 20
T etracycline >23 19-22 <18 25(S) 25 26 28(S) 28 22(l) 21 20(l) 19
C lindam ycin >19 16-18 <15 26(S) 26 24 30(S) 29 21 (S) 21 21 (S) 22

R ifam pin >19 17-18 <16 29(S) 29 28 32(S) 32 25(S) 24 23(S) 24
a TMS, trimethoprim-sulfamethoxazole
b CLSI breakpoints for meropenem and imipenem are not available (NA) because reliable disk diffusion susceptibility tests with these agents do not yet exist. 
Penicillin MICs should be determined for those isolates with oxacillin zone sizes < 19 mm. Oxacillin susceptibility was not tested in this experiment. 
c The determination of susceptibile, intermediate, or resistant was based upon the zone of inhibition for each antibiotic and is indicated in parentheses.
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Figure  17. Schematic representation of the patA/patB  gene locus from S. pneumoniae. 
Positions are relative to GenBank accession number: NC_003098. patA and patB  
correspond to spr 1887 and s p r l885, respectively. The gene, s p r l886, encodes a putative 
degenerate transposase and is predicted to be transcribed in the opposite direction of patA 
and patB. The -35 and -10 hexamers of the patA promoter are represented by small 
boxes. The primers are indicated by small black arrows. Primers 1A and IB correspond 
to 8587SEMIF and 8587SEMIR, respectively, and were used to demonstrate co
transcription of patA and patB. Primers 2A and 2B correspond to SPR1886RTF and 
SPR1886RTR, respectively, and were used to measure expression levels of R6 and 
R6EM in a region between patA and patB. Primers 3A and 3B correspond to 
SPR1887PROF and SPR1887PROR, respectively, and were used to amplify and 
sequence the promoter region of patA  in R6 and R6EM.
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Figure 18. RT-PCR to detect co-transcription of patA and patB  on a single mRNA 
transcript. R6, parental strain R6. R6EM, mutant strain R6EM. DNA size markers (lane 
M) are shown on the left.
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SPR1886RTR (Table 3) that anneal to mRNA in a region between patA and patB  were 

used to measure expression in the intergenic region (Primers 2A and 2B in Figure 17). 

Transcriptional levels between the coding regions of patA  and patB  were 60-fold higher 

in the mutant R6EM compared to the parent R6, suggesting that these two genes exist on 

a single transcript.

Prior to investigating potential patA promoter mutations that might influence its 

regulation, the expression of the gene immediately upstream of patA  was investigated. 

This gene, spr 1888 (hexA), encodes a mismatch repair protein that corrects mutagenic 

mismatches resulting from DNA replication errors (221). Because ethidium bromide and 

the fluoroquinolone antimicrobials can introduce DNA replication errors, it was 

hypothesized that hexA would also be overexpressed with the efflux genes on a single 

transcript as a regulatory mechanism utilized by S. pneumoniae to counteract the effects 

of DNA damage-inducing agents. To address this possibility, Real-Time RT-PCR was 

performed on R6 and R6EM using internal primers to hexA (Table 3). Compared to the 

parental strain R6, no increase in expression of hexA was observed in R6EM, suggesting 

that hexA is not co-transcribed with patA  and patB  and that the expression of the efflux 

genes originates from the promoter of patA.

Sequencing the patA Promoter Region

Because promoter mutations are often involved in increasing the efficiency of gene 

transcription, it was hypothesized that mutations existed within the promoter region of 

patA  in R6EM that contributed to its overexpression. To investigate this, the promoter 

region of patA in R6 and R6EM was amplified by PCR using a forward primer that 

annealed to a DNA sequence 275 bp upstream of the -35 element and a reverse primer
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that annealed to a sequence 102 bp downstream of the pat A ATG start codon (Primers 3 A 

and 3B in Figure 17). DNA sequence analysis revealed no differences in the sequence of 

the putative promoter. However, a point mutation within the 5 ’ untranslated region (5’ 

UTR) o i pat A was present in R6EM. A C—»T transition at position 1865756 was detected 

in R6EM (GenBank accession number for S. pneumoniae strain R6: NC_003098). This 

nucleotide is located within the 5 ’ UTR 36 bp downstream of the experimentally 

determined patA transcriptional start site (234), and 31 bp upstream of the ATG start 

codon.

RNA Secondary Structure of patA

To determine if the mutation modified the secondary structure of the 5 ’ UTR, the 

RNA secondary structure of patA  in R6 and R6EM was analyzed using the RNA-folding 

program DNASIS v2.6. No differences in the secondary structure were observed (Figure
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Figure 19. Predicted S. pneumoniae R6 (A) and R6EM (B) patA 5 ’-UTR RNA secondary 
structures as determined by DNASIS v. 2.6. The location of the 5 ’-UTR point mutation is 
indicated by the red circle. The location of the ATG start site of translation is designated 
by the black arrow.
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Discussion

The emergence of Streptococcus pneumoniae strains with resistance to the ß-lactams 

and macrolides has complicated the treatment of pneumococcal infections and created a 

need for new agents. Fluoroquinolones have shown potential as anti-pneumococcal 

antibiotics. Although fluoroquinolone resistance is rare in most areas (i.e. <2%), it is 

feared that increased use of these agents could accelerate the development of resistance. 

Fluoroquinolone resistance in S. pneumoniae is mediated by a combination of at least two 

mechanisms: (1) amino acid substitutions within the quinolone resistance determining 

regions (QRDRs) of DNA gyrase and/or topoisomerase IV, and (2) drug efflux via 

unknown transporter proteins. Although previous studies have examined the selection of 

these resistance mechanisms to varying degrees, a more rigorous and extensive 

investigation was warranted. The current research aimed to compare the ability of two 

fluoroquinolones to select resistance over three mutational steps, correlate changes in 

fluoroquinolone susceptibility with mutations in the QRDRs, examine the role of efflux 

using phenotypic tests, and investigate the expression of several putative efflux pumps. 

Ciprofloxacin and Moxifloxacin Select Different Types of Mutants

The data presented in this study indicate that ciprofloxacin and moxifloxacin exert 

very different selection pressures that yield different types of mutants when 

fluoroquinolone resistance is selected. The in vitro mutational experiments suggest that 

ciprofloxacin targets the ParC subunit of DNA topoisomerase IV first. Among six 

ciprofloxacin-selected first step mutants, all contained a ParC change at amino acid 

position 79 (Tables 6-9). In contrast, moxifloxacin appears to target the GyrA subunit of 

DNA gyrase first. The initial QRDR mutation in moxifloxacin-selected mutants was an
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amino acid change at position 81 in DNA gyrase. These findings are consistent with 

those of Pestova et al., who observed that moxifloxacin selected first-step mutants with 

serine to phenylalanine changes in GyrA at amino acid position 81 (209).

During the second selectional step, it became apparent that ciprofloxacin and 

moxifloxacin had different secondary targets. Further levels of resistance in the 

moxifloxacin-selected second-step mutants occurred concurrently with amino acid 

changes in ParC (Tables 6-9), suggesting that this is the secondary target of moxifloxacin 

in S. pneumoniae. On the other hand, DNA gyrase appears to be secondary target of 

ciprofloxacin because first-step selected mutants with ParC changes developed secondary 

alterations in GyrA or GyrB.

The dissimilarity in the mutants selected by ciprofloxacin and moxifloxacin became 

more pronounced during the third selectional step. While most moxifloxacin third-step 

mutants developed an additional QRDR mutation, the majority of ciprofloxacin-selected 

mutants did not develop additional QRDR changes (Tables 6-9). This suggests that 

exposure to high concentrations of ciprofloxacin (64-128 pg/mL) selected an alternative 

mechanism, such as the increased production of drug efflux pumps. This hypothesis is 

supported phenotypically in the third-step ciprofloxacin-selected mutants by the 

concurrent 2-8 fold increases in MIC of norfloxacin (Tables 6-9), a fluoroquinolone that 

is reportedly very prone to efflux (122).

Selection of a non-QRDR Resistance Mechanism

By comparing the selection pressures of ciprofloxacin and moxifloxacin over three 

mutational steps, it was clear that each agent was responsible for different types of 

mutations with respect to target preferences and the involvement of a non-QRDR

143



amino acid change at position 81 in DNA gyrase. These findings are consistent with 

those of Pestova et al., who observed that moxifloxacin selected first-step mutants with 

serine to phenylalanine changes in GyrA at amino acid position 81 (209).

During the second selectional step, it became apparent that ciprofloxacin and 

moxifloxacin had different secondary targets. Further levels of resistance in the 

moxifloxacin-selected second-step mutants occurred concurrently with amino acid 

changes in ParC (Tables 6-9), suggesting that this is the secondary target of moxifloxacin 

in S. pneumoniae. On the other hand, DNA gyrase appears to be secondary target of 

ciprofloxacin because first-step selected mutants with ParC changes developed secondary 

alterations in GyrA or GyrB.

The dissimilarity in the mutants selected by ciprofloxacin and moxifloxacin became 

more pronounced during the third selectional step. While most moxifloxacin third-step 

mutants developed an additional QRDR mutation, the majority of ciprofloxacin-selected 

mutants did not develop additional QRDR changes (Tables 6-9). This suggests that 

exposure to high concentrations of ciprofloxacin (64-128 |ag/mL) selected an alternative 

mechanism, such as the increased production of drug efflux pumps. This hypothesis is 

supported phenotypically in the third-step ciprofloxacin-selected mutants by the 

concurrent 2-8 fold increases in MIC of norfloxacin (Tables 6-9), a fluoroquinolone that 

is reportedly very prone to efflux (122).

Selection of a non-QRDR Resistance Mechanism

By comparing the selection pressures of ciprofloxacin and moxifloxacin over three 

mutational steps, it was clear that each agent was responsible for different types of 

mutations with respect to target preferences and the involvement of a non-QRDR

143



resistance mechanism. After three exposures to ciprofloxacin, 86% of the resulting 

mutants showed at least a 4-fold increase in ethidium bromide MIC (Figure 9), indicating 

the possible role of efflux in the reduced susceptibility to ciprofloxacin and norfloxacin 

that could not be correlated with QRDR mutations.

On the other hand, none of the mutants selected with moxifloxacin exhibited reduced 

susceptibility to ethidium bromide (Figure 9). These data indicate that moxifloxacin had a 

reduced potential for selecting mutant phenotypes suggestive of enhanced efflux. 

However, no changes were observed in the QRDRs of seven of 13 first-step mutants 

selected with moxifloxacin. Theoretically, selection of such mutants without QRDR 

changes should be difficult, as moxifloxacin has been reported to be relatively unaffected 

by efflux due to its bulky C-7 substituent (209). However, moxifloxacin-resistant isolates 

exhibiting 4-fold MIC increases attributed to efflux have been described elsewhere (34, 

160). Therefore, it is possible that one or more unknown efflux pumps could be 

facilitating the transport of moxifloxacin across the cytoplasmic membrane. An efflux 

pump in S. aureus, NorB, was reported to efflux moxifloxacin (268), but no homologue 

to this pump in S. pneumoniae has been identified.

Relationship between Efflux Pump Expression and Fluoroquinolone Resistance

Genome sequencing of S. pneumoniae strains R6 and TIGR4 revealed that both 

organisms possess several potential antibiotic efflux pumps (112, 266). Genes encoding 

uncharacterized efflux pumps with similarity to the MFS, MATE, SMR, and ABC 

transporters were identified and led researchers to speculate about their involvement in 

fluoroquinolone resistance (31, 215). In a recent study, Marrer and colleagues used 

microarray analysis to evaluate the transcriptome of a ciprofloxacin-selected mutant and
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observed that eight transport proteins, including patA and patB , were significantly 

overexpressed in the mutant compared to its parental strain (168).

In the current study, increased ethidium bromide MICs were observed in 

ciprofloxacin-selected mutants (Figure 9). Because efflux is the only known mechanism 

to confer resistance to ethidium bromide, it was hypothesized that these mutants were 

overexpressing one or more drug efflux pumps. Therefore, this study was designed to 

investigate the possible overexpression of 12 putative drug efflux genes in a mutant, 

R6EM, which displayed an efflux phenotype (Table 13). The expression of four of the 12 

genes was altered in the efflux mutant. Compared to the parental strain, a 3-fold decrease 

in the expression of a gene (spr 1734) putatively encoding the ATPase and permease 

components of an ABC-type multidrug transporter was observed in R6EM (Figure 15). 

Because efflux pump overexpression is the mechanism thought to reduce fluoroquinolone 

accumulation in S. pneumoniae, it was surprising that selection with ciprofloxacin 

resulted in the decreased expression of an efflux gene. In gram-negative bacteria, the 

diffusion of antibiotics, detergents, and dyes into the cell can be inhibited by the 

downregulation of porin proteins located in the outer membrane (222). However, in 

gram-positive organisms such as S. pneumoniae that lack an outer membrane, resistance 

attributed to decreased permeability has not been described.

Although the observed decrease in permease expression is difficult to interpret, recent 

reports indicate that the loss of a membrane protein in S. pneumoniae may play a role in 

mediating drug resistance. Robertson et al. observed that mutants lacking patA  showed 

increased resistance (8-fold) to chloramphenicol while mutants lacking patB  exhibited 

increased resistance (>16-fold) to spectinomycin (228). In addition, Marrer et al.
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demonstrated that the loss of patB  in an efflux mutant resulted in reduced susceptibility to 

chloramphenicol and tetracycline (169). These findings suggested that the membrane 

channels created by PatA and PatB may be routes of entry into the cell for a variety of 

drugs, including chloramphenicol, spectinomycin, and tetracycline. In a similar fashion, 

the putative permease protein described in the current study, SPR1734, may be a 

preferred entry-way for ethidium bromide and/or the fluoroquinolones into the cytoplasm 

of S. pneumoniae. Under this scenario, the downregulation of the putative permease in 

R6EM could represent a novel mechanism of resistance that works to limit the membrane 

channels needed for diffusion of antimicrobials into the cell. To investigate this finding 

further, experiments aimed at disrupting the permease gene in R6 are warranted and 

would provide insight into the role of reduced permeability in pneumococcal 

fluoroquinolone resistance. If SPR1734 is indeed a membrane protein that provides 

access to the cytoplasm to certain dyes and antimicrobials, its absence in R6 should 

correlate with a reduction in susceptibility to these agents.

In addition to the observed decrease in permease expression, the overexpression of 

three putative ABC-transporter genes, patA, patB, and sprl 183, was also seen in R6EM. 

These data add support to the findings of Marrer et al. (168) and Robertson et al. (228), 

who have indicated that patA and patB  play a role fluoroquinolone resistance. 

Furthermore, the findings of the current study suggested the involvement of an additional 

ABC-transporter, SPR1 183. This putative pump is a 213 amino acid truncated protein 

that shares homology to other multi-drug transporters. This study is the first to report its 

overexpression in S. pneumoniae.
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In R6EM, two QRDR alterations were observed in addition to the changes in efflux 

gene expression (Table 13). These data indicated that S. pneumoniae utilizes several 

different mechanisms to develop fluoroquinolone resistance. Further analyses of these 

mechanisms are needed to elucidate the complex interplay between resistance factors. 

The creation of an isogenic panel of mutants from R6EM in which each efflux gene is 

disrupted alone or in combination with other efflux genes is warranted. Using this 

methodology, it would be possible to evaluate the concomitant changes in drug 

susceptibility associated with the absence each efflux pump. This would be an important 

first step towards understanding the contributions of each efflux or permeability 

mechanism.

Effects of Fluoroquinolone Resistance Mechanisms on Susceptibility to Non- 

Fluoroquinolone Agents

In the recent study by Robertson et al., the deletion of either patA  or patB  in TIGR4 

resulted in increased susceptibility to agents other than the fluoroquinolones, including 

erythromycin, novobiocin, and the intercalating dyes berberine and acriflavine (228). 

This finding by Robertson and colleagues suggests that these genes encode an efflux 

pump that mediates the efflux of several compounds in addition to the fluoroquinolones. 

Therefore, to test for the possibility that the increased expression of patA, patB, and 

sprl 183, and the decreased expression of sprl 734 in R6EM could affect agents other than 

the fluoroquinolones or ethidium bromide, antimicrobial susceptibility testing was 

performed in this strain and other efflux mutants using several antibiotics, including 

penicillin, imipenem, erythromycin, chloramphenicol, trimethoprim-sulfamethoxazole, 

gentamicin, vancomycin, tetracycline, clindamycin, and rifampin (Table 14). No
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differences in susceptibility were observed between the parental strains and the mutants. 

These results suggest that the effects of the selected resistance mechanisms in R6EM and 

the other mutants are limited to the fluoroquinolones and the intercalating dyes, such as 

ethidium bromide and acriflavine.

Correlation between patA  Expression and Ethidium Bromide MIC

This study provided little evidence of a direct correlation between an increase in 

ethidium bromide MIC and an increase in patA  expression. Although the largest increases 

in expression of patA  were detected in the two mutants, R6EM and R6EM2, showing the 

largest reductions (16-fold) in susceptibility to ethidium bromide, the level of patA 

overexpression seen in CP1000EM and SP335EM was 10-fold and 9-fold, respectively 

(Figure 16a and 16b), despite the observation that CP1000EM had an 8-fold increase in 

ethidium bromide MIC compared to only a 2-fold increase in ethidium bromide MIC for 

SP335EM (Table 13). These data suggest that other mechanisms, such as efflux mediated 

by SPR1183, are involved in the discrepancies observed between the CP1000EM and 

SP335EM resistance phenotypes. However, it is possible that increased expression of 

patA  could have a greater effect in CP1000EM than SP335EM.

A mutant selected with moxifloxacin, SP334EM (Table 13), had no differences in 

patA or patB  gene expression compared to its parental strain, SP334, but exhibited an 8- 

fold decrease in ethidium bromide MIC (Figure 16a and 16b). This observation suggests 

the decrease in ethidium bromide MIC is not mediated by a decrease in pal A or patB  

expression. Instead, this finding indicates that other efflux pumps are likely present in 

SP334 that mediate intrinsic resistance to ethidium bromide. One possibility is that the 

expression of one or more ethidium bromide efflux pumps has been downregulated in the
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mutants selected with moxifloxacin. It is plausible that a fitness cost is associated with 

the overexpression of drug efflux pumps and that these mutants downregulate the 

expression of their pumps to conserve energy for other metabolic processes. Furthermore, 

the overexpression of drug efflux pumps can be potentially harmful to the cell, as not 

only toxic substrates will be exported, but also necessary nutrients and metabolic 

intermediates (275). Additional experiments, such as microarray analysis and real-time 

RT-PCR, are necessary to determine if decreased efflux expression occurs in the 

moxifloxacin-selected mutants that demonstrate increased susceptibility to ethidium 

bromide.

Relationship between patA/patB  expression and Ciprofloxacin Resistance

It is noteworthy that increased expression of patA  and patB  occurred in mutants 

selected with ciprofloxacin, but not in a mutant that was selected with moxifloxacin 

(Figures 16a and 16b). Previous studies have shown that fluoroquinolones can differ in 

the extent to which they are affected by drug efflux (24, 263, 285). The potential of a 

fluoroquinolone to be effluxed is influenced by its structure, notably the bulkiness of the 

C-7 substituent and overall molecular hydrophilicity (24). Because of these properties, 

older agents such as norfloxacin and ciprofloxacin are more readily effluxed than newer 

agents such as levofloxacin, gatifloxacin, and moxifloxacin, suggesting that these 

fluoroquinolones are poorer substrates for a variety of efflux pumps (109). This is 

supported by the findings reported in this dissertation. After three exposures to 

ciprofloxacin, the majority of selected mutants only had two QRDR mutations and 

demonstrated > 4-fold increases in ethidium bromide MICs. In contrast, after three 

exposures to moxifloxacin, most mutants contained three QRDRs mutations and did not
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possess the phenotypic characteristics of enhanced efflux. These data suggest that the 

older fluoroquinolone, ciprofloxacin, has an increased propensity to select phenotypes 

suggestive of efflux and is more affected by this resistance mechanism. Not surprisingly, 

when Robertson and colleagues inactivated patA  and patB , no differences in 

susceptibility to the newer fluoroquinolones moxifloxacin, levofloxacin, and gatifloxacin 

were observed (228). However, a ciprofloxacin-selected mutant from the current study, 

SP335EM, exhibited 4-fold reduced susceptibility to levofloxacin and gatifloxacin in the 

absence of QRDR mutations (Table 13), suggesting that these agents may be affected by 

the increased expression of patA  and patB. This finding is consistent with that of Marrer 

et al., who showed that the MICs of gatifloxacin and levofloxacin were reproducibly two

fold higher in a mutant that overexpressed patA and patB  (169). Real-Time RT-PCR 

experiments examining the expression of patA and patB  in several additional 

ciprofloxacin- and moxifloxacin-selected mutants are needed before definitive 

conclusions can be made about the ability of these agents to select pat A/pat B 

overexpression.

patA and patB  are Organized Together on a Single Transcript

Until recently, PmrA was the only pump implicated in fluoroquinolone resistance in S. 

pneumoniae. However, the data presented in this dissertation suggest that the putative 

ABC-class multidrug transporter genes patA and patB  may also be involved in mediating 

fluoroquinolone efflux. Two recent reports have presented conflicting data regarding the 

organization of the patA  and patB  genes in fluoroquinolone resistance. Robertson and 

colleagues observed that mutants lacking either patA or patB  showed identical increases 

in susceptibility to various agents, including ethidium bromide (32-fold), norfloxacin (4-
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fold), and ciprofloxacin (2-fold) (228). Furthermore, when both patA  and patB  were 

insertionally inactivated, the susceptibility profile of the mutant did not change in 

comparison to those mutants with a single gene deletion (228). From these results, 

Robertson et al. concluded that ethidium bromide and certain fluoroquinolones were 

substrates for a single heterodimeric efflux pump consisting of both PatA and PatB (228).

On the other hand, Marrer et al. observed that mutants of R6 with a patA  deletion 

versus those with a patB  deletion displayed differences in drug susceptibility (169). In 

contrast to the findings of Roberstson et al, Marrer and colleagues observed that the patA  

disruptant was more susceptible to both norfloxacin and ciprofloxacin, while the patB  

disruptant only displayed increased susceptibility to ciprofloxacin. Furthermore, when 

only patB  was disrupted in an efflux mutant, the mutant still displayed a five-fold 

increase in resistance to norfloxacin, suggesting to the authors that PatA still exerts some 

effect even in the absence of PatB (169). However, the authors failed to discuss the 

possibility that other pumps in the efflux mutant were responsible for the five-fold 

increased resistance to norfloxacin in the patB  mutant. Interestingly, Marrer et al. 

observed differences in the expression of patA  and patB  after induction with 

ciprofloxacin, suggesting that the genes are not coordinately regulated (169). In their 

discussion, Marrer and colleagues concluded that PatA and PatB were not components of 

a single efflux pump, but rather two separate systems that contribute to fluoroquinolone 

resistance independently of each other (169).

The data presented in this dissertation support the findings of Robertson et al. and 

refute those of Marrer et al. Although Robertson and colleagues suggested that PatA and 

PatB did not appear to constitute an operon, the authors concluded that the proteins work
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with each other to form a single, heterodimeric efflux pump (228). The findings of the 

current study indicate that patA  and patB  are co-transcribed in both R6 and R6EM 

(Figure 18). In addition, overexpression was observed in the intergenic region between 

patA  and patB , suggesting that the products of patA  and patB  are coordinately regulated, 

perhaps from a single promoter upstream of patA.

PatA and PatB show similarity to other two-component ABC-type multi-drug 

transporters, including m dl and md2 of M. hominis (228). Raherison et al. showed that 

the m dl and md2 genes of M. hominis were both overexpressed in ethidium bromide- 

resistant mutants and organized on an operon (224). The findings presented in this 

dissertation are consistent with those of others who have shown the ABC-class of drug 

efflux pumps often function as dimers (129, 271), with two components expressed from 

two interdependent genes. While the data presented in this study indicate that patA  and 

patB  are co-transcribed, their mechanism of regulation is unknown.

Effects of the 5 ’ UTR Mutation on patA/patB  Overexpression

Because of the large increase in expression of the patA/patB  transcript, it was 

hypothesized that an up-mutation existed within the promoter region upstream of the 

PatA coding sequence in the mutant strain R6EM. It has been shown previously that S. 

pneumoniae promoters typically contain the consensus sequences TTGACA and 

TATAAT, which are located -35 and -10 bp, respectively, from the transcription start site 

(234). The promoter sequence of patA has been determined experimentally by primer 

extension (234), and possesses a -35 hexamer that matches the S. pneumoniae consensus 

sequence, TTGACA. However, the -10 sequence in the patA promoter is TAGAAT. 

Because mutations that increase the similarity of the promoter to the consensus sequence
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generally cause an increase in transcription (99), it was believed that a G—>T transversion 

at the third nucleotide in -10 hexamer was most likely responsible for the increase in gene 

expression. Surprisingly, sequence analysis revealed that there was not a mutation within 

the -10 sequence of patA in R6EM, but rather a C—>T transition within the 5’ UTR 36 bp 

downstream of the transcriptional start site. While less is known about the importance of 

mutations within the 5 ’ UTR compared to the core promoter, previous studies have 

indicated that mutations in the 5’ UTR can increase stability of the mRNA, resulting in 

prolonged half-life and gene overexpression (76, 126, 128). In a study by Fournier and 

colleagues, a 5-fold increase in the expression of the S. aureus efflux gene norA resulted 

from a T—»G mutation in the 5’ UTR that increased the half-life of the message from 7 

minutes to 34 minutes (76). Using a model-building program to predict RNA secondary 

structure, Fournier et al. suggested that the mutation created an additional stem loop 

structure to form and as a result, protected the message from degradation by RNase III 

(76). To evaluate if the mutation in the 5’ UTR of patA of R6EM caused the formation of 

additional step loops or hairpins, the predicted RNA secondary structure of the 5’ UTR 

was analyzed in R6 and R6EM, but no differences were observed (Figure 19). Additional 

studies described below are required to elucidate the precise mechanism of 

overexpression of this efflux pump.

It is hypothesized that the 5’ UTR mutation in R6EM was selected during the third 

exposure to ciprofloxacin. In this mutant (R6-B/CIP/128/1 in Table 6), a parC  mutation 

was selected in the first-step and a gyrA mutation was selected in the second-step. During 

the third selectional step, no additional QRDR mutations were observed, suggesting that 

an efflux mechanism had been selected at this stage. This finding is supported by the
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increases in MIC for two efflux substrates, norfloxacin (8-fold) and ethidium bromide (4- 

fold) (Table 6). Sequencing of the patA 5 ’ UTR in the first- and second-step mutants is 

necessary to confirm the hypothesis that the 5’ UTR mutation was selected during the 

third mutational step. Furthermore, sequencing of the patA 5’ UTR in other third-step 

mutants may provide insight into the mechanisms of patA/patB overexpression and how 

it relates to fluoroquinolone resistance. If every mutant overexpressing patA harbors the 

5 ’ UTR mutation, this would suggest that it plays an important role in altering patA gene 

expression. In addition, site-directed mutagenesis of the 5’ UTR alteration would be a 

critical step towards understanding its potential role in regulating patA expression. In 

speculation, the 5’ UTR mutation may disrupt the binding of a repressor protein, but 

additional experiments described below are needed to explore this possibility.

PmrA has no Role in the Fluoroquinolone-Resistance of the Mutants in this Study 

Gill et al. suggested that resistance to ethidium bromide, ciprofloxacin, and 

norfloxacin could result from increased expression of pmrA (85). Therefore, the 

experiments outlined in this dissertation aimed to investigate the contribution of this 

pump in several fluoroquinolone resistant mutants. Using semi-quantitative RT-PCR, 

increased transcription of pmrA was not observed in any of the mutants examined (Figure 

12). These data suggest that the overexpression of this gene was not selected by either 

ciprofloxacin or moxifloxacin during the development of fluoroquinolone resistance. 

These findings are in agreement with a number of reports that have been unable to 

demonstrate the involvement of pmrA in reducing susceptibility to the fluoroquinolones. 

Only one study has observed pmrA overexpression in S. pneumoniae (215). Using 

northern blotting, Piddock and colleagues suggested that pmrA was expressed at high
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levels in some pneumococcal clinical isolates (215). However, the purity and integrity of 

the total RNA used in these experiments by Piddock et al. was not confirmed (personal 

communication). Thus, it is possible that the differences in pmrA expression observed by 

Piddock et al. resulted from the degradation of RNA. Although unlikely, pmrA may have 

been overexpressed in the isolates examined by Piddock and colleagues. However, even 

if this is true, no clear association between pmrA expression and susceptibility to 

norfloxacin and ethidium bromide was found by the authors (215).

In this study, sequencing of the putative promoter and 5’UTR of pmrA was performed 

in an attempt to identify mutations that might influence the regulation or half-life of the 

pmrA transcript. Although no point mutations were observed in any of the selected 

mutants, a number of differences existed when SP334 was compared to R6. While R6 

contained a sequence (TTGATA) that closely matched the consensus -35 of S. 

pneumoniae (TTGACA), SP334 harbored a sequence (TAAACA) that differed vastly 

from the majority of -35 sequences in the pneumococcus (Figure 10) (234). Despite these 

sequence changes, no significant differences in the expression of pmrA were detected 

between R6 and SP334 (Figure 12). These data suggest that either these bases do not 

represent the actual -35 promoter element of pmrA, or that these base differences do not 

significantly alter the expression of this gene. Primer extension experiments were 

conducted to map the start site of transcription for pmrA. However, the start site was not 

detected in three separate experiments using two primers downstream of the putative 5’ 

end of the transcript. Results from semi-quantitative experiments indicated that pmrA 

resides on a > 5 kb transcript (Figure 11), presumably within an operon, suggesting that 

the actual promoter for pmrA lies far upstream of the proposed promoter. Taken together,
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these data suggest that the differences between R6 and SP334 in the sequence directly 

upstream of the pmrA structural gene did not play a significant role in pmrA expression.

In light of the fact that mutations selected during drug exposure can alter the substrate 

specificity and efficiency of an efflux pump (50, 140, 262), the structural gene of pmrA 

was sequenced in several mutants. Although no amino acid changes were observed in any 

mutants, differences in the amino acid sequence were detected when R6 was compared to 

SP334. Because the three-dimensional structure of PmrA has not been solved, it is 

difficult to predict the effects of these amino acid changes on ethidium bromide or 

fluoroquinolone susceptibility. Klyachko and colleagues (140) reported that mutations in 

the phenylalanine residues 143 and 306 and the valine residue 286 affect the chemical 

specificity of Bmr, a homologue of PmrA in B. subtilis. These mutations were located in 

the putative 5th, 9lh, and 10th transmembrane domains, suggesting that the drug binding 

site may represent a spatial structure formed by the interacting transmembrane domains 

(140). Further analysis, such as in-vitro mutagenesis, of pmrA in the clinical isolate is 

necessary to determine the significance of these amino acid differences. Only then could 

it be possible to predict the ability of the altered PmrA protein to efflux ethidium bromide 

or the fluoroquinolones.

Taken together, the results of these experiments indicate that neither the expression 

nor the sequence of pmrA is altered in any of the fluoroquinolone-resistant mutants. 

These findings add support to the hypothesis that pumps other than pmrA are involved in 

efflux-mediated fluoroquinolone resistance.
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Moxifloxacin is More Active In-Vitro than Ciprofloxacin and Selects Fewer Mutants

Not surprisingly, the newer fluoroquinolones moxifloxacin and gatifloxacin were 

more active in-vitro than levofloxacin, ciprofloxacin and norfloxacin against both 

parental strains and selected mutants (Tables 6-9, 13). Against parental strains, 

moxifloxacin was the most active fluoroquinolone, inhibiting all strains with a 

concentration of 0.12 pg/mL. The next most active fluoroquinolone was gatifloxacin 

(0.25 pg/mL), followed by levofloxacin (0.5 pg/mL), ciprofloxacin (1 pg/mL), and 

norfloxacin (4 pg/mL) (Table 13). These findings are consistent with those of other 

groups who have demonstrated that fluoroquinolones such as moxifloxacin and 

gatifloxacin with a methoxy moiety at the C-8 position have increased anti-pneumococcal 

activity (79, 188).

To predict how readily resistance to ciprofloxacin or moxifloxacin might emerge in S. 

pneumoniae, it was necessary to calculate the in-vitro frequency at which mutants 

developed in the presence of each fluoroquinolone. As expected, the 8 methoxy 

quinolone moxifloxacin had a reduced propensity for selecting first-step mutants 

compared to ciprofloxacin (Table 5). This finding is in agreement with that of Fukuda et 

al. who demonstrated that the 8-methoxy quinolones gatifloxacin and AM-1147 were less 

likely to select less-susceptible mutants than their respective 8-H counterparts, AMI 121 

and ciprofloxacin (79). The presence of the 8-methoxy group has also been shown to 

reduce the emergence of resistant strains of E. coli (288), S. aureus (115), and 

mycobacteria (63).

The lower frequency of first-step mutant selection with moxifloxacin likely results 

from its enhanced target inhibition compared to ciprofloxacin. Kishii and colleagues
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reported that moxifloxacin concentrations of 21.08 pg/mL and 6.04 pg/mL were needed 

to achieve 50% inhibition of the enzymatic activity of DNA gyrase and topoisomerase 

IV, respectively (138). In comparison, 138 pg/mL and 6.85 pg/mL of ciprofloxacin were 

needed to inhibit 50% of the enzymatic activity of DNA gyrase and topoisomerase IV, 

respectively (138). This indicates that moxifloxacin has a 7-fold higher inhibitory activity 

against DNA gyrase while the two fluoroquinolones have similar activity against 

topoisomerase IV.

It is not surprising that the mutational frequency selected with ciprofloxacin during the 

first-step was similar to that selected by moxifloxacin during the second-step. These 

findings are in agreement with those of Pestova et al. (209), who concluded that once a 

first-step mutation develops, the emergence of higher levels of resistance to moxifloxacin 

is facilitated. The data presented in this dissertation suggest that once a moxifloxacin- 

selected mutant has acquired a gyrA mutation, the more susceptible of the two target 

enzymes becomes topoisomerase IV. Because the inhibitory activities of moxifloxacin 

and ciprofloxacin against topoisomerase IV are similar, it is possible that mutational 

resistance to moxifloxacin in a gyrA mutant would develop at similar rate compared to 

the rate that resistance would develop to ciprofloxacin in a wild-type strain. The findings 

of this study add support to this theory. The increased frequency of mutant selection with 

moxifloxacin during the second round of selection indicates that organisms that have 

already acquired a first-step QRDR mutation more readily develop resistance to the 

newer fluoroquinolones such as moxifloxacin. Therefore, treatment of pneumococcal 

infections with older, less potent fluoroquinolones should be avoided because they can 

select for mutations that may limit the activity of newer agents.
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The data in this study suggest that fewer resistant mutants will be selected when an 

organism is exposed to fluoroquinolone concentrations 2X the MIC compared to 

exposure at IX the MIC (Table 5). Because a single mutation usually only results in low- 

level fluoroquinolone resistance, higher levels of resistance require mutations in more 

than one gene (170). This implies that by increasing the concentration of drug 

sufficiently, it is possible to slow the emergence of resistance. Drlica and Zhao used this 

theory to propose a method for restricting the selection of drug-resistant mutants (287). 

The strategy is based on the use of a numerical threshold called the mutant prevention 

concentration (MPC). The MPC is the concentration of a fluoroquinolone that requires a 

wild-type pneumococcal cell to obtain two concurrent mutations for survival (287). In 

principle, the use of a fluoroquinolone at a concentration equal to the MPC will strongly 

restrict the selection of resistance during therapy. In the current study, only 

fluoroquinolone concentrations of IX and 2X the MIC were used to generate mutants 

because initial experiments failed to select mutants with moxifloxacin concentrations 4X 

the MIC. Because each parental isolate used in this study had a moxifloxacin MIC of

0.125 (Table 4), these data indicate that the MPC of moxifloxacin in R6, C PI000, SP334, 

and SP335 was 0.5 pg/mL. The findings in the current study are consistent with those of 

Allen et al., who also demonstrated that for two pneumococcal isolates with a 

moxifloxacin MIC equal to 0.125 pg/mL, MPC values were also 0.5 pg/mL (3). Taken 

together, the results presented here add support to the MPC theory proposed by Drlica 

and Zhao.

The potency of moxifloxacin against first-step mutants of S. pneumoniae is a property 

that may help prevent the emergence of resistance. The MIC of moxifloxacin was < 0.5
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pg/mL in 14 of 15 ciprofloxacin-selected first-step mutants and < 1 pg/mL in 13 of 14 

moxifloxacin-selected first-step mutants (Tables 6-9). This indicates that the MIC of 

moxifloxacin for the majority of first-step mutants remained in the susceptible range 

(susceptible breakpoint, MIC < 1 pg/mL). Because a maximum serum concentration of 

3.6 pg/mL is achieved with an oral dosage regimen of 400 mg daily (257), this suggests 

that both the parental strain and a potential first-step mutant would be inhibited with 

moxifloxacin treatment. In contrast, all 15 first-step mutants selected with ciprofloxacin 

exhibited ciprofloxacin MICs above the resistant breakpoint (> 4 pg/mL), suggesting that 

these mutants would survive treatment with ciprofloxacin and develop higher levels of 

fluoroquinolone resistance.

Selection of Double Mutants with Moxifloxacin

During the first and second rounds of exposure to moxifloxacin, mutants were selected 

that acquired both a GyrA change and a ParC change in a single selection step. 

Theoretically, the selection of such mutants should be difficult. When mutations in both 

genes are observed, the overall mutability becomes the product of the independent 

mutability value for each gene (e.g. 10“7 x 10"7 = 10"14) (170). Because a spontaneous 

QRDR mutation occurs in 1 in 106 to 109 cells (108), a starting inoculum of 1012 to 1()IX 

would likely be needed to select double gyrA parC  mutants. However, inocula of only 

109-10n were used in selection experiments, suggesting that double mutants would be 

very rare. It should be noted that double mutants selected with a single exposure to a 

fluoroquinolone have been described elsewhere (34, 86). One possible explanation for the 

observed phenomena relates to the mutagenic properties of fluoroquinolones. Previous 

studies indicate that the fluoroquinolones can induce the SOS response and increase the
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mutability of a bacterial organism (161). In one such study, Cirz et al. demonstrated that 

ciprofloxacin induces SOS hypermutability in E. coli by triggering cleavage of LexA, a 

protein that keeps the SOS response repressed (51). Derepression of the SOS response 

results in the expression of the error-prone DNA polymerases Pol II, Pol IV, and Pol V 

which collaborate to introduce mutations in the genome in response to stresses in the 

environment (52). In some instances, the exposure of bacteria to fluoroquinolones has 

promoted the development of increased resistance to several structurally unrelated 

compounds (80). For example, Fung-Tomc and colleagues demonstrated that exposure of 

methicillin-resistant S. aureus to subinhibitory concentrations of ciprofloxacin resulted in 

the isolation of mutants with reduced susceptibility to not only ciprofloxacin, but also 

tetracycline, imipenem, and gentamicin (80). Likewise, mutants of P. aeruginosa selected 

with ciprofloxacin showed increased resistance to amikacin and cefepime (80), 

suggesting that exposure to ciprofloxacin can select mutants with resistance to antibiotics 

displaying different modes of action. Therefore, it is plausible that the moxifloxacin 

resistant mutants possessing multiple QRDR mutations after a single selectional step 

could have resulted from the error-prone SOS response induced by moxifloxacin.

Another possibility exists to explain the presence of double mutants. As noted in the 

results, CP/MXF/0.25/1 may not necessarily represent a “first-step” mutant. Because 

selection plates were subjected to a lengthy incubation (48-72 hrs), mutants that grew 

quickly had additional time to undergo further resistance development. Therefore, it was 

possible that a point mutation in gyrA was selected early during incubation, while a 

subsequent mutation in parC  was generated near the end of selection.
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Relationship between Penicillin-Resistance and Mutant Selection with Ciprofloxacin

It is noteworthy that there were no differences in susceptibility to the fluoroquinolones 

between the wild-type penicillin-susceptible parental strains R6 and CP 1000 and the 

penicillin-resistant clinical isolates, SP334 and SP335 (Table 4). There are conflicting 

reports about the relationship between penicillin resistance and reduced susceptibility to 

the fluoroquinolones (77, 89, 94). Some studies have shown that the anti-pneumococcal 

activity of the fluoroquinolones is not affected by differences in penicillin susceptibility 

(11, 136). For example, Kim et al. found no differences in susceptibility to ciprofloxacin, 

ofloxacin, sparfloxacin, and lomefloxacin among 44 penicillin-susceptible strains and 54 

penicillin-resistant strains collected from hospitals in Seoul, South Korea (136). 

However, some researchers have observed a significant association between penicillin 

resistance and fluoroquinolone resistance. In a Spanish surveillance study by de la Campa 

et al. (60), 17 (1.0%) of 1,658 penicillin-susceptible, 39 (4.1%) of 961 penicillin- 

intermediate, and 19 (7.2%) of 263 penicillin-resistant clinical isolates were resistant to 

ciprofloxacin (MIC > 4 pg/mL), suggesting a correlation between ciprofloxacin 

resistance and increasing penicillin resistance. These results were in agreement with those 

of other surveillance studies performed in Canada and Spain (49, 153). Because of these 

conflicting reports, the current study aimed to determine if differences exist in the 

development of fluoroquinolone resistance between the wild-type penicillin-susceptible 

strains R6 and CP 1000 and the penicillin-resistant clinical isolates SP334 and SP335.

Currently, there are few reports regarding the emergence of fluoroquinolone resistance 

in clinical isolates. The work presented in this dissertation was the first study to 

investigate the development of fluoroquinolone resistance in penicillin-resistant clinical
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isolates with wild-type QRDRs. The clinical isolates appeared to develop resistance to 

ciprofloxacin using a different mechanism than the penicillin-susceptible strains. Because 

no QRDR mutations were observed in any of the eight first-step penicillin-resistant 

mutants after selection with ciprofloxacin (Tables 8-9), it is hypothesized that the 

antibiotic pressure in these strains favored the selection of an alternative mechanism, 

such as increased efflux activity. On the other hand, no differences in the frequencies of 

QRDR mutations were observed between the wild-type strains and the clinical isolates 

after selection with moxifloxacin (Tables 6-9), suggesting that these strains utilize similar 

mechanisms to develop moxifloxacin resistance. However, it is difficult to draw general 

conclusions from these results since only two strains of each type were examined.

The patient histories of SP334 and SP335 are unknown. Therefore, attempting to 

predict the underlying molecular mechanisms contributing to the dissimilarities in 

selection with ciprofloxacin between the wild-type strains and clinical isolates is difficult. 

One explanation relates to the high frequency of genetic exchange intrinsic to the 

pneumococcus. It is possible that SP334 and SP335 acquired resistance mechanisms, 

such as multi-drug efflux pumps, as the result of selective antibiotic pressure in the 

environment. In the paper describing the genome of S. pneumoniae strain T1GR4, 

approximately 5% of the chromosome was shown to consist of insertion sequence (IS) 

elements of primarily gram-positive origins (266). This finding is in contrast to other 

published genomes in which the percentage ranges from 0 to 3% (266), suggesting that S. 

pneumoniae has the ability to more proficiently acquire foreign DNA than other 

organisms. IS elements may carry resistance genes, disrupt the production of regulatory 

factors, or alter promoter elements that influence gene expression. It is conceivable that



SP334 and/or SP335 could have acquired IS elements or other foreign DNA via 

transformation that allowed them to develop resistance to ciprofloxacin using a different 

mechanism, such as efflux, compared to the wild-type strains. Studies have shown that 

high levels of genomic variability exists between strains of S. pneumoniae. Using an 

oligonucleotide microarray, Hakenbeck and colleagues found that over 25% of the genes 

within the pneumococcal genome varied between 20 wild-type strains and clinical 

isolates that differed in locations of isolation, serotype, and susceptibility to penicillin 

(95). Considering the high degree of genomic variation that exists among strains of S. 

pneumoniae, it is possible that the selection of efflux by ciprofloxacin in the clinical 

isolates resulted from increased expression of a pump not present in the wild-type strains. 

In the report by Hakenback et al. (95), antibiotic resistance determinants, including 

putative drug efflux pumps, were among the genes that showed the highest degree of 

allelic variation. Therefore, the genetic composition of SP334 and SP335 could be 

significantly different than the wild-type strains and may favor the selection of an 

alternative mechanism such as efflux. This hypothesis is supported by 4-8 fold 

differences in MIC of ethidium bromide between the wild-type parents and the penicillin- 

resistant clinical isolates, SP334 and SP335.

Another possibility to explain the differences in selection involves hypermutability. 

Bacteria growing in vivo are often stressed because of starvation conditions or antibiotic 

treatment (75). This pressure can select a population of bacteria that exhibit a “mutator” 

phenotype. These organisms arise as a result of a defective methyl-directed mismatch 

repair (MMR) system and can display a mutation rate that is 10- to 10,000-fold higher 

than a wild type strain (178). This hypermutability helps an organism mutate rapidly to
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produce a large number of variable alleles that may confer a survival advantage during 

exposure to antibiotics. In the case of S. pneumoniae, the hexA-hexB MMR genes are the 

equivalent of the mutS-mutL genes of E. coli. In S. pneumoniae strains with a defective 

HexA, the mutation frequency increases by 10-fold (113). In a study by Negri et al., a 

competition model system was used to demonstrate that treatment with low 

concentrations of the ß-lactam cefotaxime favored the selection of a hexA hypermutable 

mutant over its isogenic hexA+ ancestor (191). In addition to this finding, Negri and 

colleagues also demonstrated that hexA deficient clones had a consistently higher rate of 

mutation in response to ciprofloxacin than the hexA+ parental strains (191). In the case of 

SP334 and SP335, it is plausible that these strains were subjected to antibiotic pressure in 

a patient and represent mutator strains. As a result, they may have increased mutability 

compared to the wild-type strains. An enhanced mutation rate could give these clinical 

isolates a selective advantage over the wild-type strains and allow them to acquire 

ciprofloxacin resistance more readily using mechanisms other than QRDR mutations. 

Ethidium Bromide as a Research Tool to Investigate Efflux

Unfortunately, there are no currently available phenotypic tests with sufficient 

specificity to make definitive conclusions about the involvement of efflux pumps in 

fluoroquinolone resistance in S. pneumoniae. There are also no defined targets for the 

application of specific genetic tests. In this study, reserpine-based tests were not used 

because of the previously described short-comings of this methodology, including poor 

solubility and growth phase dependent activity (214). In addition, there were concerns 

that reserpine might have antibacterial effects beyond the inhibition of efflux. For these
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reasons, susceptibility testing with ethidium bromide was used as an alterative approach 

to measure total levels of drug efflux in mutant strains.

To validate that the MICs of ethidium bromide in the test organisms correlated with 

drug accumulation, it was important to measure intracellular ethidium bromide levels 

using a fluorescence methodology. Previous studies have performed these validation 

experiments in S. pneumoniae using spectrofluorometers (32, 122, 214). Since this 

instrumentation was not available, flow cytometry was chosen as a novel alternative to 

examine the uptake of ethidium bromide based upon a protocol described by Brenwald et 

al. (32). Although flow cytometry was previously used to measure ethidium efflux in E. 

coli by Jernaes and Steen (119), this study was the first to explore its utility in measuring 

drug accumulation in a gram-positive organism. The data presented in this dissertation 

showed that the accumulation of ethidium bromide in the mutant strain R6EM was 3-fold 

less than the parent R6 (Figure 13). These data suggest that the 16-fold difference in 

ethidium bromide MIC between R6 and R6EM correlated with the reduced accumulation 

of this DNA intercalator. Furthermore, the results indicate that flow cytometry is a 

powerful tool for measuring drug accumulation in bacteria and may therefore represent 

an alternative to spectrofluorometry-based methods.

In this study, a 4-fold or greater increase in the MIC of ethidium bromide was used as 

a phenotypic marker to demonstrate increased efflux activity (184). As with other 

phenotypic tests that attempt to investigate efflux in S. pneumoniae, some inconsistent 

results were observed. For example, two ciprofloxacin-selected mutants, CP-A/CIP/16/2 

and CP-D/CIP/16/2, had identical QRDR mutations and identical fluoroquinolone MICs, 

but significantly different ethidium bromide MICs of 4 pg/mL and 32 pg/mL,
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respectively. These results suggested that the increase in the MIC of ethidium bromide 

observed in CP-D/CIP/16/2 involves a resistance mechanism that does not affect the 

fluoroquinolones, and that an increased ethidium bromide MIC was not a 100% specific 

screen for fluoroquinolone efflux. A potential pitfall of ethidium bromide-based 

methodology is the possibility that efflux pumps exist in S. pneumoniae that export 

ethidium bromide, but not some or any of the fluoroquinolones, or vice versa. The 

discrepancies observed between fluoroquinolone and ethidium bromide MICs may 

portend a mechanism in S. pneumoniae similar to the exporters QacC and Ebr of other 

bacteria that efflux ethdium bromide, but not the fluoroquinolones (207). The c/acC and 

ebr genes encode efflux pumps that confer resistance to quaternary ammonium 

compounds and ethidium bromide. These genes are typically found on type III non- 

conjugative plasmids in S. aureus (171). No homologues have been described in S. 

pneumoniae.

Clinical Significance and F uture Directions

By 2011, it is predicted that the fluoroquinolones will become the largest-selling class 

of antibiotics world-wide (260). As shown in this study, S. pneumoniae has the ability to 

develop resistance to these agents using the combined activity of at least two 

mechanisms: (1) target mutations and (2) drug efflux. The findings of the current study 

also suggest that a third mechanism, reduced permeability, may be involved in 

fluoroquinolone resistance. In order to preserve the utility of the fluoroquinolones, it is 

important to identify agents that not only retain potency in the presence of these 

resistance mechanisms, but also demonstrate a reduced propensity for selecting less- 

susceptible mutants. The results of this study indicate that moxifloxacin exhibits better
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anti-pneumococcal activity in vitro than ciprofloxacin and selects fewer mutants. Because 

both fluoroquinolones are well tolerated and have convenient dosing regimens, 

moxifloxacin likely represents a more suitable agent than ciprofloxacin for the treatment 

of pneumococcal infections.

In vitro evidence from this study indicates that the selection of a GyrA mutation 

coupled with a ParC change is sufficient to increase the MIC of moxifloxacin to 4-8 

pg/mL, and thus above the susceptible breakpoint of < 1 pg/mL (Tables 6-9). These 

findings are consistent with those of Bast et al. (21), who observed that among 26 clinical 

isolates harboring a GyrA mutation and a ParC mutation, MICs of levofloxacin, 

gatifloxacin, and moxifloxacin were elevated and ranged from 4 to 32 pg/mL, 2 to 8 

pg/mL, and 1 to 8 pg/mL, respectively. Therefore, the introduction of more potent agents 

into clinical practice may be necessary if S. pneumoniae strains with multiple QRDR 

mutations begin to emerge. In a recent report by Wickman et al. (278), a novel des- 

fluoro(6) quinolone, DX-619, demonstrated 32-256 fold more potent activity than 

moxifloxacin, gatifloxacin, and levofloxacin against a variety of pneumococcal strains 

with multiple QRDR mutations. These data suggest that DX-619 may have considerable 

potential for the treatment of pneumococcal infections, including those with reduced 

susceptibility to the newer fluoroquinolones, providing adequate tissue concentrations 

can be safely achieved.

The experiments in this study generated a variety of mutants with characterized 

resistance mechanisms. Collectively, these mutants provide a tool that may be used to 

investigate how novel agents are affected by QRDR changes and efflux in S. 

pneumoniae. The value of this approach was demonstrated in a recent study, in which the
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panel of mutants was used to investigate the effects of a variety of resistance mechanisms 

on the activity of DX-619, ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin 

(278). DX-619 was identified as the quinolone that was least affected by the variety of 

resistance mechanisms (278), and therefore may represent an improvement over the 

currently available fluoroquinolones. As new fluoroquinolones are introduced, additional 

studies using a panel of mutants such as the one created in this study can provide insight 

into how resistance mechanisms affect fluoroquinolones differently.

With fewer drugs available for treating S. pneumoniae infections, it is imperative to 

identify novel therapeutic targets and design strategies for inhibiting resistance 

mechanisms. Drug efflux is recognized as an important factor that contributes to the 

ability of an organism to develop multi-drug resistance (275). As shown by the data 

presented in this dissertation, the expression of efflux pumps, in combination with target 

mutations, can mediate fluoroquinolone resistance in S. pneumoniae. The inhibition of 

drug efflux may be one way to improve the clinical efficacy of a fluoroquinolone, even in 

the presence of target mutations, by increasing intracellular drug concentrations. As noted 

above, the plant alkaloid reserpine is a potent inhibitor of some pneumococcal efflux 

pumps. Markham used reserpine to significantly reduce the in vitro emergence of 

ciprofloxacin resistance in S. pneumoniae (165), suggesting that reserpine in combination 

with a fluoroquinolone could theoretically help preserve the efficacy of fluoroquinolones. 

However, reserpine is neurotoxic and unsuitable for clinical use (192). By identifying 

novel efflux pumps such as PatA/PatB that contribute to resistance, the synthesis of 

pneumococcal efflux inhibitors with potential for use in combination therapy with a 

fluoroquinolone may be facilitated.
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As shown in this study, the RNA expression of the PatA/PatB efflux pump was 

upregulated in response to treatment with ciprofloxacin. These data suggest that this 

pump may play an important role in the development of fluoroquinolone resistance. 

Further experiments are needed to elucidate the mechanism of overexpression. 

Sequencing of additional efflux mutants may shed light on the importance of the 

observed 5’ UTR mutation in R6EM. Furthermore, half-life studies of the patA transcript 

in R6 and R6EM are necessary to determine the effects of the 5 ’ UTR mutation on gene 

expression. Finally, gel mobility shift assays may facilitate the detection of DNA-binding 

regulatory proteins that control the expression of patA. In speculation, the expression of 

patA/patB may be under the control of a global regulator. This possibility has been 

suggested elsewhere (168). Using microarray analyses, Marrer et al. demonstrated that 

the expression of many pneumococcal genes, including patA and patB was altered after 

exposure to ciprofloxacin (168). The response was complex and involved a network of 

genes implicated in drug efflux, replication, transcription, and DNA repair (168). 

Affected genes included dnaG (replication primase), recA, recF, and recG (break repair 

and recombination), hexA (mismatch repair), polA (DNA polymerase 1), patA and patB 

(drug efflux) (168). Such a response could be regulated by a protein analogous to MarA, 

a transcriptional activator in E. coli that alters the expression of over 60 genes when 

constitutively expressed, including some involved in antibiotic efflux (16, 163). Thus, a 

regulatory factor similar to MarA could be involved in efflux-mediated fluoroquinolone 

resistance and may therefore represent a novel therapeutic target in S. pneumoniae.

In conclusion, uncovering the molecular basis of fluoroquinolone resistance in S. 

pneumoniae may lead to the development of efflux inhibitors and agents with improved

170



potency. However, until these drugs are available, it is critical that clinicians use the 

fluoroquinolones that will minimize the selection of resistance, thereby preserving the 

utility of these antimicrobials against S. pneumoniae.
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